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A bstract
The thickness of the cement mantle around the femoral component of total hip 
replacements is a contributing factor to aseptic loosening and revision. 
Nevertheless, various designs of stems and surgical tooling lead to cement 
mantles of differing thicknesses. This thesis is concerned with variability in 
cement thickness around the Stanmore Hip, due to surgical approach, broach 
size and stem orientation, and its effects on stress and cracking in the cement.
The extent to which cement mantle thickness varies in clinical practice 
as a result of surgical approach was investigated, through retrospective 
radiographic analysis. The posterior approach was associated with a thicker 
and more uniform cement mantle.
Stress distributions in the cement mantle around Stanmore hips and 
surrounding cortical bone were investigated using finite element analysis, 
under a simulated gait load. Thicker cement was found to produce lower 
maximum principal stress in the cement and to reduce the likelihood of bone 
resorption due to stress shielding. Bone density was found to strongly affect 
stress levels in the bone and cement, but not to alter this result.
Stanmore Hips were implanted into synthetic femurs with different 
cement thicknesses and stem alignments. Crack measurement and analysis was 
conducted, following fatigue testing under a simulated stair-climbing load. 
Crack length was found to be independent of overall cement mantle thickness, 
suggesting that thinner mantles would fail sooner. However, crack length was 
highly sensitive to local cement thickness, with regions of 1 mm or less 
containing longer and more concentrated cracks. Stem alignment and cement 
mantle uniformity are thus more critical to cement damage than broach size.
Abstract 7
Finite element simulations incorporating creep and nonlinear damage 
accumulation were performed to investigate cracking in the cement mantles 
around Stanmore Hips with varied cement thickness, interfacial bonding and 
collar design. Simulations represented the simple stair-climbing joint contact 
load used in fatigue tests and a more realistic stair-climbing load incorporating 
muscle forces and physiological bone properties. In all cases, damage levels 
were much higher when the stem-cement interface was bonded. Cement mantle 
thickness was of limited importance to cement damage in debonded cases, in 
agreement with fatigue test results, but was critical in bonded and collarless 
cases. Damage around a smooth, debonded stem with a collar is thus much less 
sensitive to cement thickness than around rough/bonded or collarless stems.
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Chapter 1 
Introduction
1.1 Total hip replacement
1.1.1 What is total hip replacement?
Total hip replacement is one of the most commonly performed orthopaedic 
procedures, with an estimated one million operations per year worldwide. Its 
primary purpose is to restore function to diseased hip joints, where the joint 
bearing surfaces have degenerated, usually as a result of osteoarthritis. It is a 
highly successful procedure for improving patient quality of life (Chamley 
1972), with implant failure within five years postoperatively now occurring in 
as few as 2.3 percent of cases overall (Herberts et al. 2005). Nevertheless, the 
high cost per primary operation (estimated to be around $24,000) and much 
higher cost ($31,000) and complication risk of revision operations (Bozic et al. 
2005) -  coupled with the sheer numbers of procedures performed -  mean that 
any improvements to implant survival duration, however slight, may be highly 
significant from both clinical and economic perspectives.
Total hip replacement (THR) involves the removal of the diseased 
femoral head and acetabular bearing surface, and their replacement with an 
artificial joint comprising of a femoral and an acetabular component, as shown 
in Figure 1.1. The acetabular component is a cup made of metal, plastic or 
both and fixed into the reamed acetabulum. The femoral component is a metal 
shaft (or ‘stem’) fixed into the medullary canal of the femur and supporting a 
spherical metal or ceramic head which articulates with the acetabular 
component. The fixation of either component to the surrounding bone may be
22
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achieved either by the use of polymethylmethacrylate (PMMA) bone cement, 
or by means of bony ingrowth to porous or osseoconductive implant coatings.
Pelvis
Acetabular
component
(cup)
Cancellous 
/ bone
Bone cement
Femur
Cortical
bone
Femoral
component
(stem)
Figure 1.1. Schematic of a cemented total hip arthroplasty.
1.1.2 Why do hip replacements fail?
The most common reasons for revision are aseptic loosening, dislocation, and 
deep infection. Aseptic loosening alone accounts for more than 75 percent of 
all revisions, whilst deep infection and dislocation each lead to around seven 
percent of revisions (Herberts et al. 2005). The issue of deep infection has been 
addressed by the use of surgical protocols which minimise bacterial exposure, 
the postoperative delivery of antibiotics, and the use of antibiotic-laden bone- 
cements. Dislocation arises as a result of the altered joint morphology and the 
loss of support from muscle which has been damaged during surgery; surgical 
technique and postoperative care are major contributors to this problem.
By contrast, aseptic loosening has been observed to be affected not only 
by surgical technique but by a host of other design-related factors, including 
the wear-resistance, stiffness, shape and surface morphology of the implants
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used. As the most common cause for revision and the one over which we 
appear to have the most control through the design of implants, materials and 
surgical procedures, it is scarcely surprising that aseptic loosening has attracted 
so much research interest in both cemented and cementless cases.
1.1.3 Aseptic loosening
Aseptic loosening is mechanical loosening of the prosthesis from the bone, 
leading to local pain, subsidence and micromotion of the prosthesis relative to 
the bone. The mechanisms of aseptic loosening appear to differ between 
acetabular and femoral components, and between cemented and cementless 
implant types.
The main problems afflicting porous coated cementless implants seem 
to be periprosthetic osteolysis (Havelin et al. 1995) and poor, inconsistent or 
incomplete bony ingrowth, in both the acetabulum and femur, or fracture of 
this bony ingrowth from the supporting cancellous bone. In the case of 
hydroxyapatite-coated cementless implants, disintegration or resorption of this 
coating appears to be a major problem (Hirakawa et al. 2004). According to the 
Swedish Hip Arthroplasty Registry, revision within thirteen years of primary 
THR is three times more likely with a cementless implant than a cemented one, 
and twice as likely with a hybrid implant (Herberts et al. 2005). It is therefore 
likely that hip surgeons will continue to choose cemented implants for patients 
over the age of sixty for the foreseeable future. Only in younger and more 
active patients are cementless femoral implants widely accepted, due to their 
preservation of bone, which facilitates revision.
In the case of the cemented acetabular component, a layer of 
granulomatous tissue, containing wear particles, has been observed to invade 
the cement-bone interface from the periphery (Chamley 1979; Fomasier et al. 
1991; Schmalzried et al. 1992b). This suggests a predominantly biologic 
aetiology for osteolysis and aseptic loosening where particulate wear debris 
plays the key role in implant failure (Hirakawa et al. 2004). Multivariate 
survival analysis indicated that aseptic loosening of the acetabular component
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was associated only with rapid wear of the polyethylene (Kobayashi et al. 
1997). Although many other factors have also been thought to influence 
survival of the acetabular component, such as the cup design and patient age or 
activity level, many of these factors are also contributors to wear. Thus efforts 
to save the cemented acetabular component may be focused on improvement of 
the wear properties of articular bearing surfaces.
However, studies of the cemented femoral component have not yielded 
such clear-cut results. Many aspects of bone geometry, prosthetic design and 
selection, and surgical technique have been associated with increased risk of 
aseptic loosening. These include the following, from large-cohort survival 
analysis studies:
•  Design of femoral component;
•  Brand of bone cement;
•  Surgical approach used;
•  Cement not mixed under vacuum;
• No pulsatile lavage;
• No proximal femoral seal;
•  No distal femoral plug;
• No retrograde fill;
(Malchau et al. 2000)
•  Brand of bone cement;
•  Low viscosity bone cement;
•  Cement without gentamicin;
(Espehaug et al. 2002)
• A thin (less than 1 mm) cement mantle;
• Defects in the cement mantle;
(Mulroy et al. 1995)
• Canal filling by the stem of less than 75 percent;
• Less than 1 cm of cement distal to the stem tip;
• Varus alignment of the stem;
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• Calcar resorption and atrophy of the femoral cortex;
(Kobayashi and Terayama 1992)
• ‘Stovepipe’ medullary canal geometry.
(Kobayashi et al. 2000)
Clearly, there are many design parameters and surgical factors 
implicated in the process of aseptic loosening of the cemented femoral 
component. Broadly, the design parameters relate to the implant itself and the 
surgical factors to the preparation of the cement mantle. These are examined in 
later sections.
1.1.4 Mechanism of aseptic ioosening
To improve fixation of the cemented femoral component, it is necessary to 
understand the underlying processes by which failure occurs. The earliest hip 
replacements often fractured as a result of metal fatigue of the femoral 
component (Galante 1980), but improved material selection and processing 
have almost entirely eradicated this problem. This leaves the femoral bone, the 
cement mantle, and the interfaces between implant, cement and bone as 
potential sites for failure -  the ‘weak-link zones’ (Lewis 1997). The current 
understanding of the failure mechanism for cemented femoral components is 
that all of these sites are involved sequentially in the process of implant 
loosening.
Until the 1990s, opinion on the causes of aseptic loosening of the 
femoral component was divided between two camps.
On the one hand were those who believed this to be primarily a 
mechanical phenomenon, resulting from the breakdown of the bone cement or 
its interfaces with metal and bone. Thus implant survival was thought to 
depend mostly on strength and fatigue resistance at these locations, and on the 
stresses to which they are subjected. Much research focused on measuring, 
predicting, or controlling these unknowns (Crowninshield et al. 1980; 
Rohlmann et al. 1983; Lewis et al. 1984; Miles and Dali 1985).
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Others believed that aseptic loosening was principally a biological 
response to implanted foreign materials. Goldring et al. (1986) observed a 
synovial-like membrane at the bone-cement interface of loose femoral 
components, capable of synthesizing prostaglandin E2 and collagenase which 
cause bone resorption. This membrane was found to contain particulate PMMA  
and polyethylene particles. The presence of cement fragments, and the growth 
of this membrane around the cement mantle, led to the belief that this was an 
immune response to cement, and to the nicknaming of periprostbetic bone loss 
as ‘bone cement disease’ for many years.
However, later evidence suggested that this kind of periprostbetic bone 
loss was a response to polyethylene wear debris, rather than cement. Anthony 
et al. (1990) noticed that focal osteolytic lesions around well-fixed stems were 
only located adjacent to defects in the cement mantle. Scbmalzried et al. 
(1992a) noted linear (diffuse) and lytic (localised) areas of periprostbetic bone 
loss around loose and well-fixed femoral components, remote from the 
articular surfaces, and characterised by macrophages containing intracellular 
submicron particles of polyethylene. They found that the number of 
macrophages in a microscopic field was directly related to the concentration of 
particulate polyethylene debris, and that the number of macrophages present 
bad a direct relationship to the degree of bone resorption that was seen. This 
indicates that joint fluid containing wear debris penetrates along the interface 
between the prosthesis and bone and into the periprostbetic tissues -  more 
extensively than previously thought. They suggested the concept of the 
‘effective joint space’ to include all periprostbetic regions accessible to joint 
fluid and thus to particulate debris.
Jasty et al. (1990) observed debonding at the stem-cement interface and 
cracking of the cement mantle in well-fixed femoral components, indicating 
that debonding and cement damage precede periprostbetic bone loss and 
loosening. They also noted that the extent of cement damage was consistent 
with length of time in vivo.
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From this evidence, it appears that aseptic loosening of the femoral 
component is a sequential process, the phases of which may overlap. “The 
mechanism of initiation of loosening of cemented femoral components is now 
known. It is debonding at the cement-metal interface.” (Harris 1992) Initially, 
debonding of the stem-cement interface allows the stem to subside, altering the 
stresses present in the cement mantle, as well as extending the effective joint 
space to include the stem-cement interface. Stresses in the cement mantle lead 
to cracks forming and propagating in the cement mantle over time. Ultimately, 
through-thickness cracks and defects in the cement mantle then serve to extend 
the effective joint space as far as the periprostbetic bone, as indicated in Figure 
1.2. This serves as a direct path for particulate wear debris in the pressurised 
joint fluid (Robertsson et al. 1997) to reach bone, where the biological process 
of lytic bone resorption and loosening begins.
A body of ffactographic evidence from Topoleski et al. (1990; 1993; 
1995) indicts fatigue failure and fatigue crack propagation as the primary 
cement failure mechanisms that contribute to aseptic loosening of the 
prosthesis. Weakening of the cement mantle by cracking may even enable 
subsidence and mechanical loosening which is independent of wear particle 
ingress (Noble et al. 2005). The accumulation of damage in the cement mantle 
may therefore be considered an enabler of aseptic loosening and a useful 
indicator for predicting likely rates of aseptic loosening in mechanical testing 
and simulation where the accompanying biological processes are absent (Stolk 
et al. 2003a)
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Figure 1.2. The effective joint space, showing the wear-debonding-damage pathway.
1.2 Implant design
1.2.1 Articular bearing surfaces
In theory, it should be possible to eliminate aseptic loosening altogether by 
improving the wear resistance of articular bearing surfaces. Chamley’s highly 
successful Low Friction Arthroplasty originally consisted of a stainless steel 
prosthesis articulating against a PTFE cup, later replaced by a polyethylene cup 
due to poor wear resistance and adverse tissue reactions to PTFE. While metal 
implants and polyethylene cups are still the most popular combination today, 
others have been tested, principally to reduce wear debris and tissue reactions. 
Metal-on-metal and ceramic-on-ceramic bearings have been developed which 
produce less wear debris.
However, these solutions are not without their own problems. Whilst 
polyethylene wear debris is relatively inert, remaining within the effective joint 
space until absorbed into periprostbetic tissues, metal wear debris releases 
metal ions which enter the serum and blood stream. These are known to have
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both carcinogenic and cytotoxic effects, although the full extent of these, and 
the risk associated with the use of metal-on-metal bearings in hip replacement, 
are not yet known (Silva et al. 2005). Ceramic bearings, although 
demonstrating excellent wear resistance, have until recently been prone to 
occasional component fracture, although advances in manufacturing may 
reduce these incidences. Concerns about the short term safety of ceramics and 
the long term safety of metals are therefore likely to prevent or delay any 
widespread reduction in bearing wear.
Furthermore, although the volume of reactive periprostbetic 
inflammatory tissue associated with metal-on-metal bearings is less than with 
metal-on-polyethylene, osteolysis does occur in hips with metal-on-metal 
bearings (Beaule et al. 2001; Scbmalzried et al. 1996a; Scbmalzried et al. 
1996b). Aspenberg (1998) observed an osteolytic response to pressurised 
synovial fluid, even where no wear particles were present. So the problem of 
aseptic loosening may be reduced by the avoidance of polyethylene, but not 
entirely eradicated.
I f  osteolytic response to wear particles cannot be avoided, and 
debonding cannot be prevented, then it falls to the cement mantle to act as a 
barrier between the effective joint space and the surrounding bone. It is thus 
clear that the cement mantle and its interfaces with bone and implant have a 
crucial role to play in delaying or preventing aseptic loosening.
1.2.2 Stem material
The materials commonly used in cemented femoral stems are cobalt- 
chromium, stainless steel, and titanium. Titanium was once favoured due to its 
lower elastic modulus, giving titanium implants a bending stiffness closer to 
that of the femur so that bone stresses would be preserved. However, this 
increased flexibility is believed to lead to higher proximal cement stresses and 
more rapid debonding (Verdonschot 2005), which is thought to account for the 
relatively high failure rates observed clinically (Bowditch and Villar 2001; 
Ebramzadeh et al. 2003; Jergesen and Karlen 2002; Lichtinger et al. 2000).
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Titanium is also prone to crevice corrosion (Hallam et al. 2004; Thomas et al. 
2004; Willert et al. 1996). Most femoral components are now made of forged 
cobalt-chromium or stainless steel.
1.2.3 Surface finish
Many attempts have been made to enhance fixation of the stem-cement 
interface by roughening the surface of the femoral stem with grit-blasting or 
bead-blasting, and in some cases pre-coating it with a layer of cement. Implants 
had previously been given a polished or matte finish. Roughening and pre­
coating were intended to prevent debonding from occurring, which was 
thought to reduce cement damage. However, clinical follow-up revealed that 
rough stems often performed worse that their smooth-finished precursors 
(Collis and Mohler 1998; Dowd et al. 1998; Cannestra et al. 2000; Sylvain et 
al. 2001; Collis and Mohler 2002; Ong et al. 2002; Delia Valle et al. 2005). 
Although debonding may have been delayed by the improved interfacial shear 
strength, it was not prevented altogether. In fact, surface roughness does not 
seem to improve the interfacial fatigue debond response (Damron et al. 2006). 
Furthermore, once debonding occurs, the rough stem begins to wear abrasively 
against the cement mantle. This may allow more rapid subsidence or rotation 
than would normally be expected (Mohler et al. 1995), increasing cement 
stresses, generating PMMA wear particles, and opening up the wear particle 
pathway, thus accelerating the loosening process. Stems with rough surfaces 
have recently declined in use.
1.2.4 impiant shape
The shapes of commercially available stems are typically complex and 
incorporate many design parameters. Hence, it is difficult to establish the 
precise effects of any of these parameters in isolation. Broadly speaking, the 
axial cross-section contributes chiefly to the torsional stiffness and stability of 
the implant, and the mediolateral thickness contributes towards the principal 
bending stiffness and stability under physiological loads.
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Torsional stiffness is proportional to the polar moment of area, which 
depends equally on anteroposterior and mediolateral thickness; thus, a thicker 
implant is stiffer. Torsional stability depends on how well stress is imparted to 
the cement mantle, and is increased by both thickness and cross-sectional 
complexity; thus, a thicker implant is more stable, whilst an implant with a 
circular cross section is less stable than one with an angular cross-section. 
Since sharp comers impart large stresses to the cement mantle, they are best 
avoided, so most implants have cross-sections which are either roughly 
elliptical or rectangular with fillet radii of at least 2 mm.
Implants generally transfer stresses to the bone mostly at the proximal 
and distal ends. Increased bending stifftiess generally focuses the stresses more 
around the distal tip. Accordingly, stems are generally thinner distally, so that 
stresses are not too concentrated around the distal tip.
Design features such as double and triple tapers have been introduced 
with aims such as sustaining hoop stress in the femoral cortex as the implant 
subsides, although this may in turn be more damaging to the cement mantle. 
Since many of these design features are conceived as solutions to idealised, 
two-dimensional or axisymmetric models, it is often unknown whether they are 
tmly beneficial to implant fixation. Furthermore, since available implants each 
incorporate a mix of design features, clinical evaluation of individual features 
is nearly impossible.
1.2.5 Design philosophy
Verdonschot (2005) asserts that a design philosophy should be chosen and 
design features be selected to fit that philosophy. Two such philosophies are 
the ‘force-closed’ and ‘shape-closed’ paradigms (Huiskes et al. 1998). A force- 
closed design (generally tapered) is stabilised by hoop stresses and frictional 
forces as it subsides, whilst a shape-closed design (generally collared) is 
supported in place by the bone and cement mantle such that major axial 
subsidence is prevented. Features such as implant shape and surface finish 
should be chosen to support the design philosophy.
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Two clinically successful femoral components which demonstrate each 
philosophy are the Exeter Hip and the Lubinus SPII, shown in Figure 1.3. The 
Exeter Hip has a highly polished finish and no collar, to allow subsidence, a 
double-taper to generate cortical hoop stress, and a rectangular cross section for 
torsional stability. It embodies the force-closed paradigm, and results in large 
but stable, continuous axial migration (Huiskes et al. 1998) and steadily 
increasing cement damage (Stolk et al. 2003a). The Lubinus SPII, a shape- 
closed design, features a collar and a more anatomical shape, with a near­
elliptical cross-section. It does not subside much axially, but does experience 
torsional rotation. The rates of both migration and cement damage are thought 
to decrease over time, so that very little further rotation or damage is seen after 
a few hundred thousand loading cycles (Stolk et al. 2003a).
Failure to adhere to such a philosophy leads to arbitrary mixing of 
features, which is unlikely to result in well-designed, stable implants. For 
example, the Scientific Hip Prosthesis was designed with an optimised shape to 
minimise cement stress. It was described as a ‘shape-closed’ design (Huiskes et 
al. 1998), and the shape optimization was based on the assumption that no 
debonding would occur (Huiskes and Boeklagen 1989). However, it later 
became apparent than there was significant debonding and migration (Nivbrant 
et al. 1999), and hence more cement damage than expected, leading to early 
loosening. Had this implant been given a collar to prevent migration, like other 
shape-closed designs, it may have been more successful. The flanged Capital 
Hip, essentially a copy of a successful (shape-closed) Chamley design, was 
made available in Titanium with a rough finish. Its flexibility, incompatible 
with a shape-closed philosophy, promoted debonding and its roughness had an 
abrasive effect, leading to extensive cement damage and wear (Janssen et al. 
2005a).
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Figure 1.3. Three femoral components demonstrating different design philosophies. 
Left to right: polished Exeter stem (force-closed), Stanmore Hip, and Lubinus SPII 
(shape-closed) showing projections of its anatomically-curved profile. Images courtesy 
of Stryker Corp., Biomet, Inc., and Waldemar Link GmbH, respectively.
1.2.6 The Stanmore hip
The Stanmore Hip is the only design to have remained on the market for over 
four decades without any substantial design changes to the femoral component 
(except for modularity) since its introduction. It was designed by Professor 
John Scales in Stanmore during the early sixties, and does not adhere strictly to 
the ‘design philosophies’ later advocated by Verdonschot, having both a 
smooth, straight, double-taper design similar to that of the Exeter stem, but 
with a collar to minimise migration.
Nevertheless, excellent survival rates are reported in the Swedish Hip 
Registry between 1994 and 2005 (Karrholm et a l 2006): 98.6 percent survival 
at five years for all diagnoses and revisions (n=610), and 100 percent survival 
for osteoarthritis and aseptic loosening only (n=293). Survival rates of 91 
percent at 22 years are reported elsewhere (Gerritsma-Bleeker et a l 2000). 
These results are similar to those of other widely used prostheses such as the 
Exeter and Lubinus SP-II (Karrholm et a l 2006).
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1.3 The cement mantle
1.3.1 Early use of bone cements
The very first hip replacement is thought to have been performed by Gluck 
(1890) in Germany, consisting of a carved ivory ball and socket fixed in place 
with a novel bone cement composed of pine resin, pumice powder, and plaster 
of Paris. Prior to this, the only intervention possible in diseased hip joints had 
been femoral head resection, leading to pseudarthrosis or fusion, or the 
interposition of various tissues and man-made materials. Wiles (1958) 
implanted stainless steel femoral and acetabular components, both held in place 
by screws which subsequently loosened and failed. Haboush (1953) first used a 
two-part self-polymerising polymethylmethacrylate (PMMA) bone cement, 
already popular in dental applications, to fix in place a vitallium resurfacing 
prosthesis consisting of concentric femoral and acetabular cups. However, it 
was not until Chamley introduced his low friction arthroplasty in 1962, 
consisting of a stainless steel femoral stem and a high density polyethylene 
cup, both cemented into place with acrylic bone cement, that long term results 
improved dramatically.
1.3.2 Evolution of cementing techniques
Acrylic bone cement was such a successful improvement on Gluck’s 
interesting concoction that its formulation has not substantially changed since it 
was first introduced. It remains the only material used for anchoring cemented 
arthroplasties to the contiguous bones (Lewis 1997). However, when mixed 
and cured in situ, its mechanical properties are dramatically inferior to those of 
PMMA produced industrially under controlled conditions, leaving considerable 
scope for improvement. Attempts both to improve the quality and to reduce the 
variability of its material properties and of its fixation to bone have led to 
progressive improvements in cementing technique.
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First generation
Initially, bone cement was mixed in a bowl. This introduced micro-porosity as 
air between the powder granules became trapped during mixing. Surgical staff 
would also have been exposed to noxious fumes released by the monomer 
fluid. The cement would then have been manually finger-packed into a reamed 
and irrigated bony cavity. This would trap pockets of air (macro-pores) 
between layers of packed cement, and would not force the cement to displace 
blood and fat in order to interlock tightly with cancellous bone. Blood and 
marrow could also intrude into the cement, leading to more large inclusions. 
The prosthesis would then be inserted and held in place until the cement had 
cured.
Second generation
Many early failures of fixation of the femoral component were observed to 
result in a ‘pistoning’ motion (Gruen et al. 1979) of the cement mantle within 
the medullary cavity, as a result of the low interfacial strength of the cement- 
bone interface. As a filler or grout, rather than an adhesive, bone cement does 
not form any bond with bone, so fixation relies instead on the cement forming 
a macro-interlock with the surrounding cancellous bone. The so-called ‘second 
generation’ cementing technique consisted of a number of new steps, proposed 
primarily as a way to improve this bony interlock. Preparation of the medullary 
canal was seen to take on new importance, with high pressure pulsatile lavage 
now used to clear blood and fat away more aggressively. The medullary canal 
was then swabbed with haemostatic agent in order to absorb water and 
minimise bleeding. High-viscosity bone cement was injected in a retrograde 
fashion using a pressurising gun to create a steady influx of cement with no 
layers trapping air. Pressurisation was further enhanced by the use of a distal 
plug or cement restrictor. The pressurised, high-viscosity cement would then 
transmit pressure more effectively to the cement-bone interface during 
insertion of the implant, enhancing interdigitation and the displacement of 
blood and fat.
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Third generation
The adoption of second generation cementing techniques provided improved 
fixation at the cement bone interface, leading to a reduction in revisions due to 
aseptic loosening of the femoral component (Estok and Harris 1994; Mulroy et 
al. 1995). However, this exposed the cement mantle itself and the stem-cement 
interface to greater scrutiny as surgeons now sought to eliminate failure 
associated with debonding and cracking of the cement mantle. ‘Third 
generation’ techniques were introduced with the intention of preventing these 
failures by improving the strength and fatigue resistance of the cement and 
stem-cement interfaces. Firstly, cement was either centrifuged or mixed under 
vacuum at pressures of between -30  and -80 kPa, in order to reduce micro­
porosity. Vacuum mixing also dramatically reduced the exposure of theatre 
staff to methacrylate fumes. Secondly, cement ingredients were pre-chilled so 
that working time was increased and cement remained more fluid during 
mixing, facilitating the release of trapped air under vacuum or centrifugation. 
Thirdly, to improve the integrity of the stem-cement interface, femoral 
components with matt and rough surface finishes were introduced, sometimes 
pre-coated with a layer of PMMA produced under controlled manufacturing 
conditions. To further enhance pressurisation of the cement during filling of the 
medullary canal, a proximal femoral seal was introduced. To address the issue 
of cement failure around poorly-aligned prostheses, thought to arise due to high 
cement stresses and cracking around thin mantle regions, centralisation devices 
were added to the distal tip of many femoral components.
Inconsistencies
The individual steps within each subsequent ‘generation’ were advocated 
throughout the 1980s and 1990s by a number of researchers and have been 
gradually adopted in a piecemeal manner by surgeons. It is therefore difficult 
to categorise technical advances as being ‘second’ or ‘third’ generation, with 
precise definitions of what constitutes a second or third generation technique 
varying from author to author. For example, optional centrifugation and
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vacuum mixing at pressures of around -30 to -40 kPa are sometimes cited as 
part of the second generation technique (Dunne and Orr 2001). The above 
descriptions are therefore necessarily generalisations for the sake of clarity.
It is also difficult to ascertain how mainstream surgical techniques 
evolved over time, as new techniques have typically taken decades to become 
widespread. For example, it was reported a decade ago that ‘modem’ 
cementing techniques had been fully adopted by only 25 percent of surgeons in 
the UK, accounting for only 26 percent of hips implanted in this country 
(Hashemi-Nejad et al. 1994). In contrast, surgeons in Sweden and Norway, 
whose National Hip Arthroplasty Registers have allowed large scale statistical 
analysis of the effects of new techniques on implant survival, have been quick 
to adopt successful methods and to reject those with less success (Herberts and 
Malchau 1998).
1.3.3 Composition of bone cement
The chief utilities of PMMA bone cement are (a) that it can be mixed to form a 
fluid consistency which cures in situ within minutes and at temperatures which 
generally pose no significant threat of thermal necrosis to surrounding tissues, 
and (b) that, once cured, it forms a relatively strong, biocompatible solid; few 
other materials, if  any, could be used in this way. The main constituents of 
bone cement are methylmethacrylate (M M A) monomer liquid and PMMA  
polymer powder, along with extremely small amounts of chemical catalysts 
which initiate, accelerate and stabilise the polymerisation process. In addition 
to these, small quantities of antibiotics, such as gentamicin, and radiopacifiers, 
such as barium sulphate or zirconium dioxide, are often added to reduce the 
risk of deep infection and enhance radiographic appearance, respectively. The 
relative proportions of all these ingredients vary between brands, and affect 
both the fluid viscosity of the cement and its mechanical properties once cured.
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1.3.4 Physical properties of bone cement 
During mixing and curing
Mixing of bone cement begins with bringing together the monomer fluid and 
polymer powder constituents. Polymerisation gradually increases molecular 
weight, so the mixture’s viscosity increases over time (Dunne and Orr 1998). 
Since this reaction is highly temperature dependent, the initial temperature of 
the cement components and the ambient temperature have a strong effect on 
curing time, such that temperatures only a few degrees higher can dramatically 
reduce working time (Baleani et al. 2001; Hansen and Jensen 1990; Lewis 
1999). The exothermic reaction causes the cement to reach high temperatures 
after around 10-20 minutes, as the cement reaches a solid state -  typically 
around 67-124 °C (Wang et al. 1995) at the core of the thickest regions.
Molecular weight
Different brands of bone cement have different molecular weights and powder- 
to-liquid ratios. These influence the viscosity of curing cement as well as its 
mechanical properties once cured. Those cements with the highest molecular 
weights, such as Simplex and Palacos, have the highest viscosities before 
curing and also the highest stiffness, tensile strength, fracture and fatigue 
resistance after curing (Graham et al. 2000; Harper and Bonfleld 2000). 
Sterilisation by beta or gamma irradiation has been shown to reduce molecular 
weight, leading to reduced tensile strength, modulus, strain to failure, fracture 
resistance and fatigue life (Harper et al. 1997; Lewis and Mladsi 1998); 
sterilisation with ethylene oxide gas does not influence fracture or fatigue 
properties, and is therefore preferable (Graham et al. 2000).
Additives
Antibiotics and radiopacifiers are routinely added in small quantities to most 
brands of bone cement, usually by the manufacturer. Whilst radiopacifiers have 
been observed to stiffen the cement (Holm 1977), both antibiotics and 
radiopacifiers have been shown to reduce its ultimate and fatigue strengths
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(Armstrong et al. 2002; Baleani et al. 2003; Lee et al. 1977; Vallo 2002). 
However, this material weakness is offset by clinical benefits, namely the 
prevention of deep infection and the improvement of diagnostic clarity through 
enhanced radiographic appearance. Conversely, optimal dosing of radiopacifier 
particles has been used (Freitag and Cannon 1977) as a means of improving 
fatigue resistance, and the addition of other reinforcing additives, such as 
polybutylmethacrylate particles, silanated hydroxyapatite particles, and fibres 
of titanium, PMMA, carbon, or polyethylene terephthalate, have been shown to 
increase fatigue life or strength by 55 to 88 percent (Lewis 2003). Colourants, 
such as chlorophyll, are used in much smaller quantities to improve cement 
visibility, primarily for the benefit of the revision surgeon, and have been 
shown to have no significant effect on fatigue life (Davies and Harris 1992).
Time dependent properties
Like many other polymers, bone cement exhibits time-dependant mechanical 
properties. Ultimate tensile strength is known to be strain-rate dependent (Lee 
et al. 1977). Viscoelastic properties are affected by brand of bone cement, time 
since mixing, and temperature history, as well as the presence of water, blood 
and/or lipids (Holm 1980; Lee et al. 2002). Viscoelasticity is usually referred 
to in terms of two phenomena: creep, which is the gradual strain increase 
arising under sustained stress; and stress-relaxation, which is the gradual 
reduction of stress arising under sustained strain. Viscoelastic properties of 
different brands of bone cement, and with a range of ageing and test 
environments, have been characterised through tests involving stress relaxation 
(Holm 1980; Yetkinler and Litsky 1998), creep under static load (Arnold and 
Venditti 2001; Chwirut 1984) and under dynamic tensile (Jeffers et al. 2005b; 
Verdonschot and Huiskes 1994) and compressive (Verdonschot and Huiskes 
1995) loads. Whilst Holm (1980) and Norman et al. (1995) found that Palacos- 
R cement creeps more than other brands, Lee et al. (2002) concluded that 
environmental and ageing factors can be more influential than brand 
formulation on the viscoelastic behaviour of bone cements.
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Environment, ageing and residuai stress
The environments in which test samples are stored and tested have been shown 
to affect their mechanical properties. Although the peak curing temperature, 
occurring just after cement solidifies, is usually seen by surgeons as the 
endpoint in the curing process, polymerisation is not complete: stiffness 
continues to increase gradually over time for many days afterwards, and 
increased temperature accelerates this process (Baleani et al. 2001). The 
ductility of bone cement is also affected by ageing environment: samples 
stored in water. Ringer’s solution or lipid demonstrate higher ductility than dry 
samples, which has been attributed to the plasticising effect of fluid ingress 
(Hailey et a l 1994; Watson et a l 1990), whilst samples stored at body 
temperature are more brittle than those stored at room temperature. Thermal 
contraction, during and after curing, leads to irregularly distributed residual 
stresses throughout the cement; these stresses can be large enough to initiate 
cracking (Lennon and Prendergast 2002; Orr et a l 2003). The strong effect of 
curing times and temperatures on fracture resistance (Watson et a l 1990) may 
be attributed to a combination of these factors. Mechanical properties such as 
strength are known to deteriorate over longer periods of time in samples in vivo 
(Kon 1981), which is thought to be caused by molecular weight reduction 
resulting from prolonged exposure to an oxidative environment (Hughes et a l
2003).
Porosity and mixing technique
Porosity arises from five sources (Lewis 1997): air initially surrounding the 
liquid monomer or powder constituents, entrapment of air during wetting of the 
powder by the liquid monomer, entrapment of air during mixing of the 
constituents, the evaporation of the volatile liquid monomer during the curing 
stage, and the entrapment of air during the transfer of the dough to the syringe 
or gun. The presence of porosity has a detrimental effect on the mechanical 
properties of bone cement. Greater pore size and pore density have marked 
effects on crack initiation and growth, dramatically reducing fatigue life
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(Ishihara et al. 2000). Murphy and Prendergast (1999; 2002) describe the 
relationship between stress, porosity and non-linear damage accumulation, 
noting that cracks generally appear to originate at pores, and that different 
porosity levels account for the variability in damage accumulation between 
specimens. Although Topoleski et al. (1993) speculated that pores may play a 
role in blunting crack growth, a wealth of evidence to the contrary has led to 
the general consensus that porosity should be minimised (Lewis 1997). A  
number of studies have investigated the effect of different mixing systems on 
porosity and mechanical properties. General observations include superior 
results from vacuum mixing and centrifugation in terms of reduced porosity as 
well as increased stiffness, strength, fatigue strength and fracture resistance, 
when compared to hand-mixing (Dunne and Orr 2001; Dunne et al. 2003; 
Graham et al. 2000; Wilkinson et al. 2000). More specifically, the best results 
are obtained with the use of a syringe-type, or ‘sealed, combined mixing, 
collection and delivery system’, such as the Optivac, at pressures of around -80  
kPa (Dunne and Orr 2001; Mau et al. 2004; Wilkinson et al. 2000). 
Pressurisation during or after mixing has also been observed to increase 
strength (Guidoni and Vallo 2002) and fatigue resistance (Dunne et al. 2003; 
Freitag and Cannon 1977).
Porosity distribution
Whilst the gross level of micro-porosity is dependent principally on the amount 
of trapped air, its distribution is affected by thermodynamic factors. 
Polymerisation occurs most rapidly where the temperature is highest. As the 
heat generated by the exothermic reaction is dissipated by the implant, bone 
and body fluids, the cores of the thickest regions of cement generally 
polymerise first, driving dissolved impurities and gases towards the last regions 
to polymerise and increasing thermal shrinkage in these regions. Since the 
metal implant is cooler and more thermally conductive than bone, the implant- 
cement interface is generally the last to polymerise, and most of the porosity is 
therefore concentrated at this interface. Preheating the stem has been shown to
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accelerate polymerisation (Dali et a l 1986) and to reduce the porosity at the 
stem-cement interface (Bishop et a l 1996), thus increasing interfacial shear 
strength (lesaka et a l 2003) without affecting bulk cement material properties 
like elastic modulus, fracture toughness or fatigue strength (Parks et a l 1998).
1.3.5 Cement mantle thickness and continuity 
Strain, damage, osteolysis and loosening
Cement mantle thickness has been frequently indicted as a critical factor 
affecting the outcome of femoral component fixation. Thin cement (usually 
defined as less than 1 or 2 mm thick), or defects (flaws or windows) in the 
cement mantle, lead to an increased incidence of loosening (Massoud et a l 
1997; Mulroy et a l 1995), particularly in the proximal medial (Ebramzadeh et 
a l 1994; Malik et a l 2005) and distal medial regions (Ritter et a l 1999; Star et 
a l 1994). Osteolysis is seen most commonly around cement mantle defects and 
thin mantle regions (Joshi et a l 1998; Kawate et a l 1999; Maloney et a l 
1990).
This is unsurprising, given that cracks are found mostly in thin mantle 
regions (Kawate et a l 1998), and appear to originate preferentially in thin or 
defective mantle regions (Jasty et a l 1991; Jasty et a l 1992; Koster et a l 
1999). In vitro studies indicate that through-thickness cracks in the cement 
mantle are more likely to form in thin regions, under torsional (Hertzler et a l 
2002) and stair-climbing loads (Mann et a l 2004). It is thought that this 
damage occurs in thin regions as a result of the critical influence of cement 
thickness on cement strains, especially near the tip: peak strains are minimised 
both through reducing the stem thickness and by ensuring neutral alignment of 
the stem (Estok et a l 1997; Fisher et a l 1997; Lee et a l 1993; Lee et a l 1994; 
Schmolz et a l 2000).
Cement mantle thickness is sometimes expressed in terms of the 
proportion of the medullary canal which is filled by the stem (usually 
calculated as the ratio of their diameters at a specified distance along the
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implant). A canal-filling ratio of less than 50-60 percent is associated with 
osteolysis and failure (Ebramzadeh et al. 1994; Joshi et a l 1998).
Definition and measurement of cement mantle thickness
Although these findings appear to agree on thick cement as optimal, the way in 
which cement mantle thickness is measured or defined can be confusing. 
Experimental and finite element studies tend to use an idealised, uniform 
cement mantle and vary its thickness; clinical studies measure thickness locally 
on radiographs or sections. Thus, recommendation of ‘thick’ cement can 
sometimes be taken to mean ‘without thin regions’ .
To add to this confusion, the thickness of cement measured from 
radiographs generally includes the interdigitated regions of cancellous bone, 
whose properties are inferior to those of pure cement (Jofe et al. 1991) and 
which offers lower resistance to fatigue crack growth (Race et al. 2003) and 
wear particle ingress. Moreover, routine anteroposterior and lateral radiographs 
tend to underestimate the prevalence of both thin cement mantles and defects 
(Kawate et al. 1998; Valdivia et a l 2001), as further voids and thin or 
defective regions become apparent on additional radiographs taken at different 
angles (Kawate et al. 2003; Smith et a l 1998).
Optimal cement mantle thickness
There is a general consensus that the cement mantle should preferably be 2 - 
5 mm thick, so as to minimise the risks of both thermal necrosis and 
mechanical loosening. Removal of cancellous bone specifically in the region of 
the calcar femoris, ensuring a thick mantle in this area, also leads to lower peak 
cement strains (Ayers and Mann 2003) and a reduced risk of loosening 
(Massoud et al. 1997; Ebramzadeh et al. 1994). Breusch and Malchau (2005) 
recommend a composite thickness of 5 mm at the calcar and 2-3 mm distally.
Femoral components from most manufacturers are generally provided 
to the surgeon with a set of rasps, each specially designed for an implant size 
and shape, to over-ream the medullary canal by a uniform amount, thus (in 
theory) creating a uniform cement mantle thickness around the implant.
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Despite the body of research concerning cement mantle thickness, the 
thickness of this mantle varies from implant to implant (Langlais et al. 2003; 
Mellor et al. 2004).
Skinner et al. (2003) assert that a very thin, discontinuous mantle may 
be at least as good as a thick, continuous one. Their finding is based on the 
method favoured in francophone countries of cementing a canal-filling, press- 
fit (line-to-line reamed) prosthesis; their excellent results call into question the 
received wisdom surrounding prostheses with thick mantles. Langlais et al. 
(2003) suggest that this so-called ‘French paradox’ arises as a result of the 
entirely different mechanisms of load transfer and failure for the two different 
philosophies: direct cortical contact may enhance load transmission to the 
femur, keeping strains low in the cement, while very thin films of cement 
might be strengthened and toughened through an extrusion process as the 
prosthesis is inserted.
Distal centralisers
The use of a distal centraliser is known to improve alignment and reduce the 
incidence of thin or deficient distal regions (Berger et al. 1997; Breusch et al. 
2001; Goldberg et al. 1998; Hanson and Walker 1995; Scheerlinck et al. 2006). 
However, some designs of centraliser may trap air as they are pushed through 
the cement, introducing voids (Noble et al. 1998). Not all centralisers are 
effective (Kawate et al. 2001).
1.4 Finite element modelling
1.4.1 What is finite element analysis?
It is often useful to understand the distribution of stress in a structure, in order 
to investigate if, and how, it would fail. Mathematics can be used to solve 
differential equations relating force, displacement, stress, and strain 
analytically in simple shapes. However, the complex anatomical shapes and 
materials commonly encountered in orthopaedics are not suited to this method.
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The finite element method solves this problem by breaking down a structure 
into a smaller mesh of simple geometric ‘elements’, within each of which these 
differential equations can be easily solved. Elements are typically rods, plates 
or blocks connected together at shared ‘nodes’, each element having its own 
constitutive properties. Calculations for each element are solved iteratively 
until agreement is reached between adjacent elements, and until forces and 
displacements are globally compatible with stresses and strains. Thus, as mesh 
density increases, the solution approaches a true analytical solution. The 
accuracy of finite element analyses is often checked by increasing mesh 
refinement until there is no significant change in numerical results, known as 
convergence testing. Although the finite element method is most widely used 
for finding stress and strain, it is used for solving thermal, electrical, fluid 
mechanics, and other problems involving vector and tensor fields.
The finite element method has been used since the early 70s in 
orthopaedics, initially for predicting stress fields in bone, and later for 
investigating implant, cement and bone stresses. Initially, only coarse, one- and 
two-dimensional and axisymmetric models were used, with linear-elastic 
material properties, due to computer processing limitations. As processing 
power has increased, models have increased in complexity, with refined three- 
dimensional models, anisotropy, frictional contact, and non-linear constitutive 
relationships now commonplace. During the last decade, adaptive models have 
also been developed which incorporate growth and remodelling, tissue 
differentiation, and damage propagation.
A major limitation of the finite element method is the problem of 
validity: numerical empiricism in the selection of material properties, 
geometric simplification, or boundary assumptions, reduce the validity of 
results, limiting the relevance of many publications. For this reason, it is often 
considered necessary to validate a finite element model by checking all or part 
of the numerical results against the observed response of a physical model.
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However, it is often difficult to achieve this in practice, as biological tissues are 
difficult to instrument and results highly variable.
The finite element method has been applied in virtually every 
conceivable area of orthopaedics, as well as other areas of medicine, especially 
where mechanical devices are implanted into human tissues.
1.4.2 Finite eiement modelling of hip replacement
Within orthopaedics, the hip poses a difficult biomechanical challenge: loads 
of several times body weight must be sustained over many years. The very 
earliest mathematical models in orthopaedics investigated functional loading of 
the femur, and modelling of the femoral construct in total hip arthroplasty in 
particular has sustained enormous interest over the years.
Femoral component design
Numerous and varied investigations of stem design have been conducted using 
finite element analysis, a few of which are outlined here. Implants with reduced 
bending stiffness due to material or geometry have been observed to generate 
more physiological stresses in the proximal medial bone, but also increased 
proximal cement and interfacial stresses (Yettram and Wright 1979; 
Crowninshield et al. 1980; Lewis et al. 1984; Fagan and Lee 1986b; Rohlmann 
et al. 1987; Prendergast et al. 1989; Huiskes et al. 1992; Cheal et al. 1992; 
Janssen et al. 2005a). A collar which contacts the medial calcar has been 
shown to both increase bone stress and reduce cement stress proximally 
(Crowninshield et al. 1980; Lewis et al. 1984; Fagan and Lee 1986a; 
Prendergast and Taylor 1990; O'Connor et al. 1996). Attempts have been made 
to mathematically optimise implant shape so as to mimimise cement or 
interfacial stresses (Huiskes and Boeklagen 1989; Yoon et al. 1989; Hedia et 
al. 1996; Katoozian and Davy 2000). Optimal distal centraliser design has also 
been sought, with distal truncation of the stem to accommodate a centraliser 
observed to adversely affect cement stress (Estok et al. 1997; Estok and Harris 
2000; Schmolz et al. 2000).
Chapter 1 -  Introduction 48
Damage accumulation
Stresses in the cement mantle and at its interfaces are generally used in these 
studies as criteria for optimising or distinguishing between designs. 
Verdonschot (1995) simulated the processes of creep and damage 
accumulation in bone cement using continuum damage mechanics in a three- 
dimensional finite element model, in order to better simulate the comparative 
lifetimes of prostheses. Further development of this model (Stolk et a l 2004) 
has enabled the accurate prediction of crack locations and orientations around 
prostheses, sufficient for pre-clinical testing. Crack growth rates are generally 
not well predicted and are dependent on mesh density, but the use of a stress- 
averaging algorithm can counter these problems, allowing adjustment of crack 
growth rates to fit experimental data, remaining independent of mesh 
refinement (Stolk et a l 2003b).
The effect of porosity on damage accumulation has been simulated, 
demonstrating a less favourable and much more variable fatigue response. The 
accuracy of such damage simulations is improved by the inclusion of porosity 
(Jeffers et a l 2005a). However, while uniaxial tensile fatigue tests are highly 
sensitive to porosity, torsional implant loading is much less so, explaining the 
limited effect of third-generation cementing techniques on clinical outcome 
(Janssen et a l 2005c). Micro-scale finite element simulations have 
demonstrated that pores can slow down or speed up cracking, depending on the 
pore location relative to local stress intensities (Janssen et a l 2005b).
Debonding
The process of debonding has been modelled using both fracture mechanics 
approach and interfacial shear stress failure criteria, and has been observed to 
initiate at the proximal medial and distal regions and to progress stably along 
the stem until fully debonded (Verdonschot and Huiskes 1997a; Damron et a l 
2006).
The effect of debonding on implant fixation is a contentious issue. 
Some authors report a significant increase in peak cement stress levels as a
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result of debonding (Harrigan and Harris 1991; Verdonschot and Huiskes 
1997a; Chang et al. 1998). In constrast, others have observed reduced tensile 
and shear stresses in the cement due to debonding (Wheeler et al. 1997; Massin 
et al. 2003), as well as more favourable stresses in the bone and at the cement- 
bone interface (Verdonschot and Huiskes 1996a; Massin et al. 2003).
A microscale finite element model of surface asperities predicts an 
intermediate level of surface roughness (Ra~ 10-20 pm) to be the most 
damaging; a polished surface allows slip and minimises local cement stress, 
whilst a sufficiently rough surface may maintain stability, also limiting cement 
stress. Thus, it appears that implants should either be given a polished 
microstructure, minimising the transmission of shear stress, or be 
macroscopically profiled so as to prevent migration (Verdonschot et al. 1998).
Residual stress
Coupled thermal and stress analyses have demonstrated that polymerisation 
initiates at bone-cement interface and moves towards the prosthesis, generating 
residual stresses which are highly dependent on curing history. Pre-chilling the 
stem or cement has been shown to reduce the temperature at the cement-bone 
interface, but in doing so slows down polymerisation which may weaken the 
cement. Pre-heating the prosthesis reverses the polymerisation direction, 
reducing residual stress at stem-cement interface, and does not significantly 
raise the temperature at the cement-bone interface (Li et al. 2003; Li et al.
2004).
Finite element simulations have demonstrated the sensitivity of damage 
accumulation to residual stresses due to curing: these can be large enough to 
initiate pre-load cracking, which further accelerates fatigue damage under 
loading (McCormack and Prendergast 1999; Lennon and Prendergast 2002; 
Nuno and Avanzolini 2002).
Cement mantle thickness
Finite element stress analyses have generally shown a thicker cement mantle to 
be preferable, reducing stresses in the bulk cement and around voids, especially
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around the prosthesis tip -  whether by removing more cancellous bone or by 
reducing the prosthesis diameter (Lee et al. 1994; Estok et al. 1997; Powers et 
al. 1998; Schmolz et al. 2000; Ayers and Mann 2003).
Cyclic torsional loading of cornered implants demonstrated crack 
growth rates to be independent of cement thickness, thinner mantles failing 
first as cracks had to propagate less far. Finite element damage simulations of 
these tests revealed that stress intensity decreased with increasing crack length, 
explaining the stable crack growth rates (Hertzler et al. 2002).
Thermal modelling of the polymerisation process revealed that even 
thick mantles of up to 10 mm would not lead to thermal osteonecrosis of the 
femoral bone (Swenson et al. 1981).
Loading
Finite element simulations have shown stair climbing to be more damaging 
than walking, leading to greater and more widely distributed cement stress and 
damage (Harrigan and Harris 1991; Stolk et al. 2002; Kleemann et al. 2003). 
Shear stress at the cement-bone interface has been shown to depend strongly on 
patient activity levels (Chang et al. 1998).
1.5 Aims and objectives
This project is primarily concerned with causes and effects of varying cement 
mantle thickness around the femoral components of total hip replacements. 
Variation in cement mantle thickness is approached both in terms of the local 
thickness, determined by the position of the femoral component, and global or 
average thickness, determined by the relative femoral stem and broach sizes.
The effect of surgical approach to the hip on cement mantle geometry is 
investigated, as well as the effect of cement mantle geometry on the level of 
stress and damage accumulation in cement mantle and on stress shielding of 
the calcar femoris. Other factors, including cancellous bone density and various 
prosthesis design parameters are also investigated to establish how these 
factors influence the effects of cement thickness on cement stress and damage.
Chapter 2 
Surgical approach
2.1 Introduction
2.1.1 Surgical approaches to the hip
A surgical approach to the hip was first described by Von Langenbeck in 1874, 
and later refined by Kocher in 1907, that exposed the joint from the posterior 
aspect (Gibson 1950). Watson-Jones (1936) described an anterolateral 
approach, Smith-Petersen (1949) an anterior approach, and McFarland and 
Osborne (1954) a posterolateral approach. The transtrochanteric approach 
(Jergensen and Abbott 1955) was advocated by Chamley (1961) for his Low 
Friction Arthroplasty. Lateral approaches include those proposed by Harris 
(1967; 1975), Bauer (1979), and Hardinge (1982). There have been many 
subsequent suggested modifications to all of these types of approach (Lindgren 
and Svenson 1988; Light and Keggi 1980; Keggi et al. 1993; Fmdak et al. 
1993; Fai 2002; Gammer 1985; Soni 1997; Lombardi et al. 2000; Hedley et al. 
1990; Johnsson et al. 1981; Shaw 1991; Pellicci et al. 1998).
These many approaches involve different techniques and soft tissue 
dissections, but can broadly be divided into three categories, according to the 
direction ft"om which the femoral neck is approached: the transtrochanteric 
approach involves removal of the greater trochanter and its musculature to 
enable a clear lateral view of the femoral neck, while all other approaches must 
bypass the gluteus medius to provide either an anterolateral or posterolateral 
exposure. Due to the complications associated with reattachment of bone, the 
transtrochanteric approach is generally used only in problematic cases such as
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revisions, where unimpeded access to the proximal femur is of prime 
importance. The approaches most commonly used today are variations on the 
transgluteal (anterolateral) and posterior approaches.
Figure 2.1. Transverse section of the hip indicating the soft tissue dissection paths of 
common anterior (A), anterolateral/transgluteal (B), and posterolateral (C) approaches 
to the hip. The iliopsoas (1), sartorius (2), rectus femoris (3), tensor fasciae latae (4), 
gluteus medius (5), gluteus maximus (6), pelvitrochanteric muscles (7) are shown. 
Adapted from Nazarian etal. (1987).
2.1.2 Factors influencing choice of approach to the hip
The relative merits of these different approaches are a matter of some 
contention. Many studies have compared approaches with respect to a number 
of intra- and post-operative variables.
Dislocation
The posterior approach has long been associated with an increased risk of 
postoperative dislocation, with dislocation rates of 2-9% reported (Berry et al. 
2005; Grossmarm et al. 1994; Hedlundh et al. 1995; Kwon et al. 2006; 
Masonis and Boume 2002; Pascarel et al. 1989; Ritter et al. 2001; Vicar and 
Coleman 1984; Zimmerma et al. 2002); this is the most frequently cited reason 
for avoidance of the posterior approach. However, enhanced soft tissue repair
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to stabilise the joint redresses this balance, reducing dislocation rates to around 
1% or less (Dixon et al. 2004; Kwon et al. 2006; Pellicci et al. 1998; Suh et al. 
2004; van Stralen et al. 2003; Weeden et al. 2003); this is comparable with 
other approaches. The posterior approach may increase the sensitivity of 
dislocation risk to surgical experience (Hedlundh et al. 1995), although this 
finding is contested (van Stralen et al. 2003).
Nerve damage
Damage to the superior gluteal nerve is a particular cause of concern with the 
lateral and anterolateral approaches (Bos et al. 1994; Picado et al. 2006; van 
der Linde and Tonino 1997), where the risk is greater than with the posterior 
approach (Jolies and Bogoch 2004).
Heterotrophic bone
There is no consensus on effect of surgical approach on heterotrophic bone 
formation; results are conflicting and studies have small numbers of patients 
(Barber et al. 1996; Bischoff et al. 1994; Vicar and Coleman 1984).
Gait and function
Some authors report no difference between approaches in terms of limp, 
abductor strength, trendelenburg test, range of motion, or Harris Hip Score 
(Barber et al. 1996; Downing et al. 2001; Jolies and Bogoch 2004), whilst 
others report more normal gait, improved function and abductor strength, less 
pain, and faster return to function with the posterior approach (Gore et al. 
1982; Roberts et al. 1984; Pascarel et al. 1989; Masonis and Boume 2002; 
Zimmerma et al. 2002; Madsen et al. 2004).
Intra-operative factors
Compared to other approaches, the posterior approach takes half the operative 
time and reduces blood loss (Hovelius et al. 1977; Patiala et al. 1984; Roberts 
etal. 1984).
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Alignment, subsidence and the cement mantle
Veiy few studies have looked at positioning of the stem within the cement 
mantle or subsidence. No difference has been observed in initial stem position 
or subsidence, although greater internal rotation of the stem may occur with 
posterior approach (Glyn-Jones et a l 2006; Jolies and Bogoch 2004). 
Conversely, the posterior approach has been associated with better anatomical 
positioning of the implant (Gore et a l 1982). No difference has been observed 
between approaches in terms of the acetabular or medial calcar cement mantle 
thicknesses; other regions of the femoral cement mantle were not investigated 
(Vicar and Coleman 1984).
2.1.3 Aseptic loosening and the femoral cement mantle
Aseptic loosening is the most frequent long-term complication of total hip 
arthroplasty, accounting for over 75% of all revision operations (Herberts et a l
2005). The cement mantle is widely regarded as the ‘weak link’ in the femoral 
prosthesis-bone construct, requiring careful quality control by the surgeon. A 
number of studies have demonstrated the importance of cement mantle 
thickness and continuity in preventing mechanical loosening (Bragdon et a l 
1995; Kawate et a l 1998; Star et a l 1994).
The Swedish Hip Arthroplasty Register is to our knowledge the only 
study to have investigated the effect of surgical approach on risk of revision:
“The analysis shows a significantly lower risk for revision for the 
posterior incision (lateral position) and the lateral incision with trochanteric 
osteotomy than the transgluteal (lateral or supine position). The reason for this 
finding is not associated to certain implants, and in the analysis only includes 
cemented implants. We have no explanation for this observation.” (Malchau 
and Herberts 1998)
A link between surgical approach and the quality of the cement mantle 
would offer an explanation for this finding.
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2.1,4 Objective
The purpose of this study was to determine whether the surgical approach used 
to perform total hip arthroplasty affects the quality of the femoral cement 
mantle, in terms of thickness and continuity, around Stanmore Hip 
replacements.
2.2 Materials and methods
2.2.1 Patient selection
Over 400 cases of primary Stanmore total hip arthroplasty performed 
over a fifteen-year period at the Royal National Orthopaedic Hospital, 
Stanmore, were identified using administrative and theatre records. Cases were 
selected for this study if  they met all of the following inclusion criteria:
1. Primary total hip arthroplasty, using the Stanmore femoral implant;
2. High quality postoperative anteroposterior and lateral radiographs;
3. Documentation of the operative procedure and surgical approach used. 
During this period, only 90 operations had been performed using the
posterior approach, reflecting surgical preferences. Fifty cases met the 
inclusion criteria. These cases were under the care of eight surgical teams. 
Anterolateral cases were selected from the same eight teams to minimise inter­
surgeon variability between the two groups. As the transgluteal approach has 
been modified over time, the most recent 50 cases that met the inclusion 
criteria were used.
2.2.2 Measurement and analysis
The notes were analysed to record the date of surgery, the principal diagnosis, 
the side, the components used and the grade of operating surgeon. One 
orthopaedic surgeon analysed all radiographs, as poor inter-observer agreement 
during radiographic assessment of a cement mantle has been demonstrated 
(McCaskie et al. 1996). In order to eliminate bias, the radiographs of all 100
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cases from both groups were pooled randomly, blinding the investigator to the 
surgical approach used.
VII XIV VIII
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XII
Figure 2.2. Zones defined for radiographic analysis by Gruen (left) and Johnston 
(right).
The cement mantle around the femoral stem was analysed on the 
anteroposterior radiograph using the seven radiographic zones described by 
Gruen (1979), as shown in Figure 2.2. The number of defects in each zone was 
recorded. Defects were defined as regions which appeared to have no cement 
mantle on the radiograph, either because the stem appeared to be in direct 
contact with bone or because the cement appeared discontinuous. The stem 
length was measured from the lateral stem-collar junction to the stem tip on the 
AP film and measurement lines plotted perpendicular to the axis at 25%, 50%, 
and 80% of the stem length, as shown in Figure 2.3. Cement mantle thickness 
could thus be measured at reproducible points within each Gruen zone. Due to 
the difficulties in separating cement from cortical bone and in establishing 
precise boundaries around cement mantles with rough or blurry edges, 
measurements were taken to the nearest millimetre.
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Figure 2.3. Division of stem length into grid for measurement of cement thickness.
The lateral radiograph was analysed in a similar manner, with the 
cement mantle delineated into the additional seven zones (V III-X IV ) originally 
described by Johnston (1990); see Figure 2.2. The approximate centre of the 
collar and the distal tip were used as the reference points for the fixed line on 
these views.
Zones IV  and X I, which represent the cement mantle beneath the tip of 
the stem, were excluded from the study, as the standard use of cement 
restrictors has ensured that there is always a substantial thickness of cement in 
this area. It was apparent from an early stage in the study that incorporating 
these zones would confound the results, and that they would have to be 
excluded from analysis.
The frequency of cement mantle defects between the two groups was 
compared using the Chi-square test. Chi-square tests were also used to 
determine whether the primary diagnosis, grade of surgeon, or side of 
operation affected the incidence of defects, both within each group and 
collectively.
Several previous studies have suggested that a femoral cement mantle 
thickness of 2-5 mm has a better outcome than stems implanted with a thicker
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or thinner mantle (Maloney et al. 1990; Ebramzadeh et al. 1994; Star et al. 
1994); the cement mantle thickness of each zone on the radiographs was 
graded accordingly:
{a) less than 2 mm;
{b) 2 to 5 mm;
(c) greater than 5 mm.
The frequencies of each grade were compared between the two groups 
using Chi-square analysis. Kolmogorov-Smimov tests for normality revealed 
the thickness data to be distributed non-parametrically (/?< 0.001 ). Mann- 
Whitney U-tests were used to compare zonal thickness between the two 
groups.
2.3 Results
2.3.1 Demographics
The anterior group comprised 50 arthroplasties performed between 1995 and 
2003, in 44 patients. Nineteen patients were male and 25 female, with an age 
range of 44 to 88 years. The principal diagnoses were osteoarthritis in 40 cases, 
avascular necrosis in six cases, and one case each of pathological fracture, 
rheumatoid arthritis, chondrolysis, and osteomalacia.
The posterior group comprised 50 arthroplasties performed between 
1990 and 2003, in 46 patients. Fifteen patients were male and 31 female, with 
an age range of 37 to 91 years. The principal diagnoses were osteoarthritis in 
47 cases, and one case each of central dislocation, epiphyseal displasia, and 
rheumatoid arthritis.
Table 2.1 shows the distribution of side, grade of operating surgeon 
and defective cement mantles observed in each group.
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Table 2.1. Distribution of defects by grade of operating surgeon, side and approach.
Surgical approach Grade of surgeon
Defective mantle
TotalComplete Defective
Anterior SpR Side Left 11 3 14
Right 8 3 11
Total 19 6 25
Consultant Side Left 11 2 13
Right 6 6 12
Total 17 8 25
Posterior SpR Side Left 13 13
Right 6 1 7
Total 19 1 20
Consultant Side Left 12 2 14
Right 15 1 16
Total 27 3 30
2.3.2 Cement mantle defects
Fourteen cases (28%) had defects in the anterior group, while 4 cases (8%) had 
defects in the posterior group (/><0.01 ). Twenty-eight radiographic zones 
(4.7%) had defects in the anterior group, while 6 zones (1.0%) had defects in 
the posterior group (p <  0.001 ), as shown in Figure 2.4. Four zones accounted 
for 82% of all defects in the anterolateral group (see Figure 2.5). Defects in 
zones I and V III were exclusively associated with defects in zone V  and X II 
respectively. Although 54% of stems in the anterolateral group were implanted 
on the left side, they accounted for only 25% of the defects, suggesting that a 
disproportionately high number of defects occurred on the right side. A chi- 
square test indicated that this was significant (/?<  0.005). There was no 
significant effect of primary diagnosis or grade of operating surgeon either 
within groups or in general, and no significant effect of operated side in the 
posterior group.
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Defects by surgical approach
Anterior Posterior
Surgical approach
Figure 2.4. Total number of defective zones observed within each group. The 
posterior approach is associated with significantly fewer defects (p < 0.001).
Defects by zone
Anterior 
□  Posterior
Figure 2.5. Graph showing the frequency of defects in each radiographic zone. 
Defects in the anterolateral group are primarily found in zones I, V, VIII and XII.
Chapter 2 -  Surgical approach 61
2.3.3 Measured cement mantle thickness
The median cement mantle thickness across all zones was 4 mm in the 
anterolateral group and 5 mm in the posterior group (see Figure 2.6). The 
groups were significantly different in this respect (p <  0.005 ).
In zone V, the median cement mantle thickness was 2 mm in the anterolateral 
group and 3 mm in the posterior group; in zone X II, median thickness was 
3 mm in the anterolateral group and 5 mm in the posterior group. Cement 
thickness in each of these zones was significantly different between groups 
(p <  0.001 ); other zones did not show any significance.
Cement mantle thickness
Anterior Posterior
Surgical approach
Figure 2.6. Boxplot of zonal cement thickness for each approach. The median 
thickness is 4 mm in the anterolateral group and 5 mm in the posterior group. Groups 
are significantly different (p < 0.005).
Chapter 2 -  Surgical approach 62
Anterior approach
120
100 -
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cement mantle thickness (mm)
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Posterior approach
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5 6 7 8 9 10 11 12 13 14 15
Cement mantle thickness (mm)
Figure 2.7. Zonal cement mantle thickness frequency distributions for each approach.
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2,3.4 Graded cement mantle thickness
Sixty-eight cement mantle zones of less than 2 mm thickness were found in the 
anterolateral group, compared with only 15 in the posterior group (p <  0.001 ), 
as shown in Figure 2.8. In the anterolateral group, these thin regions were seen 
most commonly in zones II, V, V III and X II (see Figure 2.9).
A cement mantle thickness of greater than 5mm was particularly 
common in zones X , X III, and X IV . The frequency of thick mantles was not 
significantly different between groups.
500
Surgical approach and cement thickness
Anterior 
□  Posterior
Less than 2 mm 2 to 5 mm 
Cem ent mantle thickness
More than 5 mm
Figure 2.8. Graph showing the number of radiographic zones in each group graded as 
thinner than, within, or thicker than the recommended 2-5 mm range. Fewer thin 
regions are seen in the posterior group (p < 0.001).
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Anterior approach
Less than 2 mm 
B 2 to 5 mm 
□  More than 5 mm
V VI VII VIII IX 
Zone
XII XIII XIV
Posterior approach
Less than 2 mm 
b 2 to 5 mm 
□  More than 5 mm
VII VIII 
Zone
Figure 2.9. Graphs showing cement mantle thickness graded by zone as thinner than, 
within, or thicker than the recommended 2-5 mm range.
2.3.5 Centralisation
The ratio of lateral to medial thickness measured in the distal zones (III and V) 
was calculated for each cement mantle, as a measure of the degree of
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varus/valgus orientation. Similarly, the ratio of anterior to posterior thickness 
in the distal zones (X  and X II) was calculated to represent anteroposterior 
alignment. These ratios should be close to unity for well-centralised stems. To 
remove directionality and bias due to the arbitrary choice of denominator, a 
‘misalignment index’ 1 was calculated based on these ratios for each 
radiograph:
Im\ -  I log ( hii / /v ) I (2.1)
Zap -  I log ( /x / X^Il ) (2.2)
where /mi and Tap are the mediolateral and anteroposterior misalignment 
indices, respectively, and tx is the thickness measured in zone X. For a well- 
centralised stem, the misalignment index approaches zero. Mann-Whitney U 
tests revealed significant differences in both mediolateral (p <  0.001) and 
anteroposterior (/?<  0.001) misalignment indices between surgical appr­
oaches, with both indices closer to zero in the posterior group (see Figure 
2.10).
Surgical approach Surgical approach
Figure 2.10. Box plots of mediolateral (left) and anteroposterior (right) misalignment 
indices, as explained in equations (2.1) and (2.2). In both cases, the posterior group 
has a median value closer to zero (p < 0.001), indicating better centralisation.
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2.4 Discussion
It is widely accepted that both the anterolateral and posterior approaches 
provide good exposure of the acetabulum and proximal femur. Much work has 
been performed on the merits and shortcomings of the various surgical 
approaches to the hip. As explained earlier, there is an increased risk of 
dislocation with the posterior approach, which can be avoided through 
enhanced soft tissue repair; there are increased risks of nerve damage, inferior 
gait and abductor strength, and less anatomic implant positioning associated 
with anterolateral approaches. Importantly, the risk of revision due to aseptic 
loosening is lower with the posterior approach.
The importance of the cement mantle in the initiation of aseptic 
loosening is well documented, and several studies, cadaveric and clinical, have 
shown that poor cementation is a significant predictor of aseptic loosening 
(Star et a l 1994; Bragdon et a l 1995; Kawate et a l 1998). Cement mantle 
fractures are believed to cause osteolysis and the formation of granulomas, 
with passage of wear particles from the metal-cement interface to the bone- 
cement interface (Jasty et a l 1991).
To our knowledge, the only studies to have investigated the effect of 
surgical approach on stem alignment or femoral cement mantle thickness are 
those of Vicar and Coleman (1984), who investigated only the medial calcar 
cement mantle, which is neither representative of the entire cement mantle nor 
regarded any longer as the most important zone; and Gore et a l (1982) and 
Glyn-Jones et a l (2006), who looked at stem positioning only in terms of 
anatomical factors such as anteversion and neck length.
Our study suggests that the anterolateral approach, compared with the 
posterior approach, is associated with a greater number of deficiencies in the 
femoral cement mantle. The zones most commonly affected were zone V  
(often in association with zone 1), and zone X ll (often associated with zone 
V lll); the pattern of these deficiencies suggests that the anterolateral approach
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results in an increased prevalence of valgus and posterior tilted (i.e. ‘front-to- 
back’) stem positioning within the reamed canal, as shown in Figure 2.11.
Figure 2.11. Anteroposterior (left) and lateral (right) radiographs showing valgus and 
posterior tilted stem positioning.
There is an increasing trend to perform only an AP radiograph post 
surgery; over 50% of patients had to be excluded from the study as a lateral 
radiograph had never been performed. Forty percent of the defects in this study 
were found in the lateral radiographs, emphasising the need for good quality 
postoperative lateral radiographs.
The five stems which had defects in both zone I and V were all inserted 
on the right side, and stems inserted on the right side had significantly more 
defects. A possible explanation for this finding is that the natural arc of 
movement of the surgeon’s arm as they broach and rasp the femoral canal, and 
then insert the prosthesis, may lead to valgus positioning of the stem.
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The posterior surgical approach allows a more uniform cement mantle 
to be produced around the femoral stem. The frequency of ‘thin’ areas within 
the cement mantle (less than 2 mm thick) was significantly greater in the 
anterolateral group, particularly in zones V  and X II.
The high frequency of thin mantles and defects in zones V  and X II in 
this study are of particular importance with respect to aseptic loosening. It has 
been demonstrated, both clinically and experimentally, that loosening may be 
initiated in these highly-stressed zones (Star et al. 1994; Ritter et al. 1999; 
Kwak et al. 1979; Caruana et al. 2006). Estok et al. (1997) suggest that a well- 
centralised stem with a mantle thickness of at least 2.5 mm near the tip 
experiences much lower cement strains.
Crawford et al. (1999) have ascribed problems with neutral stem 
placement to the anatomy of the femur. The true medullary axes of the femur 
and of the femoral neck are not aligned, as shown in Figure 2.12. This means 
that a stem inserted central to the femoral neck will tend to come into contact 
proximally with the anterior cortex (zone V III), due to its natural concavity in 
this region. They suggest that placing the stem more posteriorly at the level of 
the neck resection would prevent this problem. The abductor mass in an 
anterolateral approach is difficult to retract away, making access to this site 
difficult. Furthermore, Gore et al. (1982) report that the anteversion necessary 
for anatomical stem positioning is best achieved via a posterior approach; 
insufficient anteversion associated with an anterolateral approach would 
compound this problem, as indicated in Figure 2.12.
The results from our study support Crawford’s theory, as defects in 
zones V III and X II were significantly more frequent in the anterolateral group. 
I f  an anterolateral approach is used, the attachment of the gluteus medius to the 
proximal femur would also interfere with broaching the femoral canal laterally 
and rasping against the lateral wall. This would account for the increased 
prevalence of valgus tilting of the femoral stems seen in our study.
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Figure 2.12. Schematic of the medial aspect of the proximal femur, showing the 
internal surfaces of the cortex in the neck and shaft (left). The axes of the neck and 
medullary canal are angled. This means that the stem is likely to contact the cortex 
antero-proximally (a), unless sufficient anteversion is achieved (b).
Improved centralisation of the distal femoral stem can optimise the 
distal cement mantle thickness, potentially reducing the risk of mechanical 
loosening (Egund et a l 1990; Berger et a l 1997). Our results show better distal 
centralisation in stems inserted using a posterior approach. We advise that 
effective centralising devices be used with all femoral components inserted via 
an anterolateral surgical approach, to overcome the tendency for stem 
misalignment and cement mantle deficiencies.
It would not be appropriate to advise all surgeons to immediately adopt 
the posterior surgical approach; there is a learning curve associated with any 
newly-adopted technique, and there is strong evidence to suggest that, in 
general, surgical experience critically affects the clinical outcome of hip 
arthroplasty (Katz et a l 2001; Fender et a l 2003). However, if  the higher 
dislocation risk associated with the posterior approach is addressed by the use 
of enhanced soft tissue closure techniques, this approach appears preferable to
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anterolateral alternatives in terms of revision risk as well as most intra- and 
post-operative complications.
2.5 Conclusions
We have demonstrated that the anterolateral surgical approach to the hip, in 
comparison to the posterior approach, results in an increased incidence of 
valgus stem alignment with distal posterior tilting, and consequently an 
increased frequency of thin regions and cement mantle deficiencies along the 
distal medial and posterior aspects of the Stanmore femoral stem (Gruen Zones 
V  and X II). Previous studies have shown that defects in these zones are 
associated with the development of femoral component loosening. The 
posterior approach is thus preferable, providing a greater likelihood of 
achieving a thick, continuous cement mantle and hence a reduced risk of 
revision.
Surgeons should be aware of this potential hazard of the anterolateral 
approach, so that active effort can be made to avoid suboptimal positioning of 
the femoral component and a defective cement mantle. The gluteus medius 
needs to be adequately released and retracted, to allow adequate lateral 
broaching and posterior placement of the stem at the level of the neck cut. An 
effective distal centraliser may also help avoid these problems, thereby 
reducing the potential for mechanical loosening and subsequent failure.
Given that the anterolateral approach is widely used, it is apparent that 
thin cement mantles and defects may occur frequently. The remainder of this 
thesis will investigate the effects of cement mantle thickness around the 
Stanmore Hip.
Chapter 3 
Stress analysis
3.1 Introduction
3.1.1 Cement mantle thickness
The thickness of the femoral cement mantle is widely considered to be a 
critical factor in determining the outcome of total hip arthroplasty. Thin cement 
regions have been frequently observed to increase the incidence of osteolytic 
bone loss (Joshi et al. 1998; Kawate et al. 1999; Maloney et al. 1990) and 
aseptic loosening (Massoud et al. 1997; Mulroy et al. 1995; Ebramzadeh et al. 
1994; Malik et al. 2005; Ritter et al. 1999; Star et al. 1994).
It is also well known that cement mantle thickness affects the level of 
stress or strain in the cement, a thicker mantle providing a reduction in peak 
stress (Estok et al. 1997; Fisher et al. 1997; Kwak et al. 1979; Lee et al. 1993; 
Lee et al. 1994; Schmolz et al. 2000). Crack growth rates in the cement are 
highly stress-dependent.
Using a centraliser can improve the uniformity of the cement mantle 
thickness. However, the overall thickness of the cement mantle must be 
controlled through choice of either broach size or stem size. The broaches 
provided for use with each stem design are generally intended to provide a 
constant thickness of cement around a given size of stem. This thickness varies 
substantially between different stem designs (Mellor et al. 2004), and 
according to the preferences of surgeons in different countries (Langlais et al. 
2003). This phenomenon is exemplified by the Stanmore Hip, which is 
provided with two different-sized sets of rasps (a UK-designed set in Europe
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and a US-designed set in the Americas), to suit the different preferences of 
surgeons on either side of the Atlantic. For a given size of femoral stem, the 
US rasp is broader by around 3 mm, so as to create a thicker cement mantle.
Previous clinical studies have generally focused on outcome in relation 
to locally-measured cement thickness from radiographs or sectioned retrievals, 
while experimental studies have sought to vary the gross cement mantle 
thickness by changing the stem size. To the author’s knowledge, no 
investigation of the effect of broach size on cement mantle geometry and 
cement stress has been made. This is likely to differ substantially from the 
effect of stem size, since variation of rasp size would leave the bending 
stiffness of the stem unchanged, and the shape of the cement mantle would be 
partially dependent on the anatomic geometry of the medullary canal, 
regardless of selected rasp size.
3.1.2 Bone density
Finite element analysis in orthopaedics is often conducted using a standardised 
or ‘average’ patient data set. For example, the hip is frequently modelled using 
a standardised geometry and material properties, consistent with synthetic bone 
analogues used in biomechanical testing. This setup should eliminate the 
experimental variability associated with the different geometry and density of 
bone between patients and over time, and should allow comparison both with 
experimental results and between FE studies (Viceconti et al. 1996; Huiskes 
and Vroemen 1986).
However, these idealised models are representative of only a small 
subset of patients with ‘average’ bone geometry and properties. It is rare for 
researchers to assess the validity of their conclusions for a wider range of 
patients. Several studies have reported significant changes in the levels of 
micromotion and stresses or strains in the bone, prosthesis, cement, and at the 
cement-bone interface, when the elastic modulus of cancellous bone is varied 
around both cemented and cementless femoral components (Wong et al. 2005; 
Brown et al. 1988; Taylor et al. 1995).
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3.1.3 Objectives
The aims of the study reported in this chapter were to investigate:
(1) the effect of rasp size on cement geometry around a cemented femoral 
component;
(2) the effects of a clinically realistic variation in cement mantle thickness,
due to the use of two different broach sizes, on stresses in the cement mantle
and cortical bone;
(3) the extent to which these effects are influenced by patient bone density;
(4) whether a more sophisticated model than linear-elastic stress analysis is 
needed to facilitate choice between rasp sizes.
3.1.4 Hypotheses
(1) The US and European femoral rasps provided for use with the
Stanmore Hip produce different cement mantle geometries, with the larger US 
rasp allowing a thicker mantle.
(2) The larger US rasp leads to a cement mantle with reduced levels of
cement stress, indicating lower rates of cement damage.
(3) The larger US rasp generates a cement mantle which imparts higher 
stress levels to the femoral cortex, indicating lower rates of bone resorption due 
to stress shielding.
(4) Variation of cancellous bone density will affect stress levels in the 
cement and cortical bone, but will not change which rasp size performs better 
in terms of cement and bone stress.
(5) A linear-elastic analysis of cement and bone stress allows adequate
comparison of rasp sizes.
3.2 Materials and methods
3.2.1 Preparation of femurs
A pair of fresh-frozen adult femurs from the same donor was stripped of soft 
tissue and preserved in formal saline. The femurs were radiographed
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anteroposteriorly and the required implant sizes chosen using the Stanmore Hip 
surgical templates. Size-3 standard-shaped implants were selected. Both femurs 
were prepared using the standard surgical procedure for the Stanmore Hip 
system, using surgical rasps in ascending order of size, with the shape of the 
medullary cavity controlled by the choice of final rasp size. For one femur, the 
UK-designed rasp set was used, and for the other, the larger, US-designed rasp 
set, in both cases finishing with the size-3 rasp from each set (Figure 3.1).
3.2.2 Insertion of femoral components
To enable CT scanning of the implanted femurs without radiographic artefacts, 
replica Stanmore Hip femoral components were used. The implants were 
fabricated from polyurethane resin (Easyflo 60, Polytek Development Corp., 
Easton, Philadelphia) poured into a silicone rubber casting of a standard size-3 
Stanmore Hip femoral component (see Figure 3.2).
Both femurs were cleaned using pulsatile lavage and dried with surgical 
swabs. Vacuum-mixed Palacos-R bone cement was injected under pressure 
into the medullary canal of each femur using an Optivac cement mixing gun 
(Biomet, Inc., Warsaw, Indiana) in a retrograde fashion. The plastic replica 
femoral components were then inserted with distal centralisers and held in 
place until curing was complete. Both preparation of the femurs and stem 
insertion were performed by an experienced trainee orthopaedic surgeon.
ifmntirwHftKtmrm
Figure 3.1. Thick/US (top) and thin/UK Stanmore Hip rasps for use with standard size- 
3 stem.
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1 )
Figure 3.2. Replica Stan mo re Hip stems cast in polyurethane resin.
Anterior-posterior and lateral radiographs were then taken to ensure 
that the cement mantles were complete and that they resembled those 
commonly observed in postoperative clinical radiographs.
3.2.3 Scanning and geometric modeiiing
Axial serial CT scans were taken of both femurs with slices 1 mm apart and a 
resolution of 0.3 mm. These were imported into Mimics (Materialise, Leuven, 
Belgium) software for conversion into surface data using a thresholding 
method. Regions of cortical and cancellous bone, prosthesis and bone cement 
were isolated and exported as stereolithography (.stl) curve files. These were 
imported into the MSC.Mentat finite element pre-processing environment.
On the CT scans, it was difficult to distinguish cortical bone from 
cement and pure cement from regions where the cement was interdigitated with 
cancellous bone, causing concern over the accuracy of the thresholded 
geometric models. For this reason, the femurs were then sectioned at 5 mm 
intervals using a water-cooled, diamond-coated saw (Exakt Vertriebs GmbH, 
Norderstedt, Germany) and surface images and contact radiographs taken. 
These images and radiographs were analysed using KS300 image analysis
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software (Carl Zeiss AG, Oberkochen, Germany), and the coordinates of 
cement surfaces and interdigitation measured and recorded for alternate 
sections at eight 45-degree intervals about the centre of the prosthesis, as 
shown in Figure 3.3.
These coordinates were input into the MSC.Mentat environment, 
forming a three-dimensional data set. This consisted of three coplanar rings of 
eight points representing the outer limits of the stem, cement and 
interdigitation, occurring at 10 mm intervals in the axial direction. Points from 
the radiographs were assumed to be mid-section measurements and were 
therefore axially offset by 2.5 mm relative to the points from surface images.
The radiographic and surface image data showed good registration. 
Aligning these with the CT scan curves also revealed good agreement for all 
interfaces except for that separating pure cement from interdigitated regions. It 
was decided that the higher resolution CT scan curves be used to guide all 
finite element mesh construction except for the cement-bone interfaces, which 
were fitted to the surface image and contact radiograph points.
W
Figure 3.3. Images and contact radiographs of two sections from the thick/US cement 
mantle, showing the radial lines along which measurements were made.
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Figure 3.4. Plots of Interface coordinates for the thin/UK mantle, showing CT scan 
(pink) and radiographic (green) data at 3 mm and 10 mm intervals, respectively. 
Stan more Hip surface model (yellow) provided by Biomet.
3.2.4 Finite element model construction
Based on these geometric data, two finite element meshes were constructed in 
MSC.Mentat, incorporating the cortical and cancellous bone, bone cement and 
prosthesis. Each model consisted of 10,300 eight-noded brick elements, with 
elements in the femur radiating from the central prosthesis to provide a mesh 
that was finest at the stem-cement interface. Element edge length ranges for 
both models were 0.4-16.6 mm, 0.7-29.0 mm, 0.2-10.4 mm and 0.1-5.9 mm 
for cortical and cancellous bone, cement and prosthesis, respectively.
Choice of mesh density is always a compromise between computational 
expense and numerical accuracy. Element sizes were chosen to give a
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reasonably smooth stem-cement interface, with a relatively coarse outer 
surface. The mesh density was comparable to that used in similar, recent 
studies by other authors. A convergence study was not carried out due to the 
limitation of the resolution o f data obtained from alternate 5 mm sections.
The US ( ‘thick’) and UK ( ‘thin’) cement mantles had thicknesses o f 
approximately 2.5 mm and 1.0 mm respectively, around the proximal half o f 
the implant, and were more similar distally. The stem-cement interface was 
modelled as fully bonded.
3.2.5 Material properties
Cortical bone was modelled as transversely isotropic, and cortical and 
cancellous bone as isotropic, with elastic properties as summarised in Table 
3.1. Interdigitated regions were assumed to behave as cancellous bone, based 
on the finding that the elastic properties of cement-bone composites are close 
to those of cancellous bone in both longitudinal (Jofe et al. 1991) and 
transverse (Williams and Johnson 1989) directions.
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Figure 3.5. The two meshes created, with thick/US (left) and thin/UK mantles.
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Table 3.1. Elastic properties assigned to materials in the finite element models
Material Elastic modulus (GPa) Poisson s ratio
CoCr stem E = 220 v= 0.3
Palacos-R cement E=2.7 v= 0.3
Cancellous bone E =0.04-4.0 v= 0.3
Cortical bone* Ei = Ez= 11.5 V12 = V21 = 0.58
*Transversely-isotropic properties E3 — 17.0 Gi2 ~ 3.6 Vi3 = V23 = 0.31
from Reilly and Burstein (1975). 
Third axis is longitudinal direction.
Gi3 — G23 — 3.28 V31 — V32 — 0.46
In order to assess the impact of variability in patient bone density on 
choice of cement mantle, analysis was repeated with the isotropic elastic 
modulus of cancellous bone assigned to five different values ranging from 40 
to 4000 MPa, based on the range of anisotropic cancellous bone moduli 
observed in the proximal ( l^ongitudinal = 200-4500 MPa ) and distal femur 
( l^ongitudinal = 200-4000 M Pa, t^ransverse = 40-1880 MPa ) (Morgau et a l 2003; 
Kaneko et a l 2004; Ashman and Rho 1988).
3.2.6 Boundary and loading conditions
Analysis was performed using boundary conditions selected to represent the 
stance phase of gait where the implant loading is maximal. The nodes of the 
femur were constrained 5 cm distal to the prosthesis tip, and forces were 
applied representing the hip joint contact force and the resultants of glutei, 
tensor fasciae latae, and vastus lateralis muscles (Bergmann et a l 2001b). 
Locations of the points of force application are indicated in Figure 3.6 and 
magnitudes of the force components are shown in Table 3.2.
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tensor fasciae 
latae
P1 Hip joint 
contact
Vastus
lateralis
Figure 3.6. Schematic of gait load applied, indicating points of application of joint and 
muscle forces. The distal end of the model is fixed in all degrees of freedom.
Table 3.2. Force components applied to represent the stance phase of gait for a body 
weight of 750 N. Based on data from HIP98 (Bergmann etal. 2001b).
Description of force
Force magnitudes (N) Point of
X (medial) Y (posterior) Z (proximal) application'
Hip joint contact -405.0 246.0 -1719.0 PO
Abductors and tensor 
fascae latae 485.3 -114.0 605.3 PI
Vastus lateralis -6.8 -138.8 -696.8 P2
"see Figure 3.6 for points of application.
3.2.7 Outcome measures
The equivalent stress in the femoral cortex and specifically the medial calcar 
region was investigated as an indicator of the likelihood of loss of bone stock 
due to stress shielding. Bone atrophy is thought to occur below a threshold 
strain of approximately 200 pe (Prendergast 2002), which in a state of uniaxial 
stress would equate to an equivalent stress of around 3.4 MPa in cortical bone.
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The proportion of cortical bone nodes where equivalent stress fell below this 
level was also assessed.
The maximum principal stress in the cement mantle was analysed as a 
predictor of the likelihood of damage occurring. The fatigue limit for Palacos- 
R cement is approximately 8.3 MPa (Fritsch et al. 1996). The proportion of 
nodes where maximum principal stress exceeded this level was also obtained, 
based on the idea of ‘stressed volume’ as an alternative measure to peak stress 
(Lennon and Prendergast 2001).
3.3 Results
3.3.1 Cement mantle geometry
Visual comparison of the thick/US and thin/UK cement mantles revealed 
geometry which was quite similar in the distal half, but differed more in 
thickness in the proximal half. The extents of the proximal interdigitated 
regions were very similar. The stems were poorly centralised in the medullary 
canal despite the use of distal ring centralisers in both cases, requiring some 
adjustment to the FE mesh to ensure good alignment and centralisation.
3.3.2 Stress in the cement mantle
The distribution of stress in each cement mantle was broadly similar. In all 
cases, a focal peak maximum principal stress occurred posteromedially to the 
prosthesis tip (corresponding to radiographic zones V and X II). The lateral side 
of the cement mantle experienced generally higher maximum principal stress 
than the medial side, as would be expected given that the femur-implant 
construct is loaded primarily in bending. See Figure 3.9, Figure 3.7 and 
Figure 3.8.
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Figure 3.7. Maximum principal stress in the cement mantle, plotted along the midline 
of the medial and lateral internal faces of the cement mantle from zone I (proximal 
medial) to VII (proximal lateral). Coloured lines represent different cancellous bone 
moduli. Peak stress occurs in zone V.
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Figure 3.8. Maximum principal stress in the cement mantle, plotted along the midline 
of the anterior and posterior internal faces of the cement mantle from zone VIII 
(proximal anterior) to XIV (proximal posterior). Coloured lines represent different 
cancellous bone moduli. Peak stress occurs in zone XII.
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Figure 3.9. Sections of the thin/UK (left) and thick/US mantles showing the distribution 
of maximum principal stress for a cancellous bone modulus of 400 MPa.
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Figure 3.10. Cumulative frequency graph of nodal maximum principal stress in the 
cement mantle. Coloured lines represent the use of different cancellous bone moduli; 
thick and thin lines represent thick/US and thin/UK cement mantles, respectively.
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Figure 3.11. Percentiles of nodal maximum principal stress in the cement mantle. The 
100^ percentile represents the peak stress. There is no difference in peak stress 
between thick/US and thin/UK mantles, except at very low bone density. Peak 
maximum principal stress is 13-15 MPa in all cases.
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The cumulative frequency distribution and percentiles of nodal 
maximum principal stress in the cement are shown in Figure 3.10 and Figure 
3.11. Very little difference in peak cement stress is apparent between cement 
mantle thicknesses. The proportion of nodes at which the maximum principal 
stress exceeds the fatigue limit is plotted in Figure 3.12; no difference in 
stressed volume is apparent between cement thicknesses for normal bone 
density. A correlation of nodal maximum principal stresses in the thick/US and 
thin/UK mantles (Figure 3.13) reveals that above the fatigue limit of 8.3 MPa, 
stresses are consistently higher in the thin/UK mantle., for all bone densities 
This implies that crack propagation rates might be higher in those regions of 
cement where fatigue failure is likely.
Nodes exceeding fatigue limit
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Ç 0.25%
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Cancellous bone elastic modulus (MPa)
Figure 3.12. Nodes in the cement mantle exceeding the fatigue limit of 8.3 MPa 
(Fritsch et al. 1996). There is little difference between the thick/US and thin/UK 
mantles over a normal/healthy range of cancellous bone density. For very dense 
cancellous bone, the thick/US mantle has more nodes exceeding the fatigue limit, 
while for low bone densities it has fewer.
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Figure 3.13. Correlation between nodal maximum principal stress in the thin/UK and 
thick/US cement mantles (black diagonal line: y = x). The upward skew above 
8.3 MPa indicates that the most highly-stressed regions which exceed the fatigue limit 
are under greater stress in the thin/UK mantle which would therefore fail sooner.
3.3.3 Stress in the cortical bone
Plots of equivalent stress along the midlines of the anterior, posterior, lateral 
and medial aspects of the external surface of the femur are shown in Figure 
3.14 and Figure 3.15. Anterior, posterior and lateral stresses are strongly 
affected by bone density and much less by cement geometry, while medial 
stress is consistently higher (indicating less stress shielding) with a thick/US 
mantle.
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Figure 3.14. Equivalent stress plotted from distal to proximal along the midlines of the 
anterior and posterior aspects of the exterior surface of the femur. Coloured lines 
represent different cancellous bone moduli; thick and thin lines represent the use of 
thick/US and thin/UK cement mantles, respectively. Anteriorly, the thick/US mantle 
has lower stress proximally in all cases except for the most dense; posteriorly there is 
no discernible difference.
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Figure 3.15. Equivalent stress plotted from distal to proximal along the midlines of the 
lateral and medial aspects of the exterior surface of the femur. Coloured lines 
represent different cancellous bone moduli; thick and thin lines represent the use of 
thick/US and thin/UK cement mantles, respectively. There is little difference on the 
lateral side; medially, the thin/UK has lower proximal stress in all cases.
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Figure 3.16. Cumulative frequency graph of nodal equivalent stress throughout all 
cortical bone. Coloured lines represent different cancellous bone moduli; thick and thin 
lines represent the use of thick/US and thin/UK cement mantles, respectively.
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Figure 3.17. Percentiles of nodal equivalent stress in the cortical bone.
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Figure 3.18. Proportion of nodes in the cortical bone where the equivalent stress falls 
below an approximate resorption threshold of 3.4 MPa. The thick/US mantle 
generates stress below this threshold in 5-20% more nodes.
Cumulative frequency distribution and percentiles for nodal equivalent 
stress in the cortical bone are shown in Figure 3.16 and Figure 3.17. The 
proportion of nodes where the equivalent stress falls below 3.4 MPa is shown 
in Figure 3.18. The thick/US mantle appears to generate lower stresses and a 
greater ‘unstressed volume’ for all bone densities.
3.3.4 Stress in the calcar region only
To investigate stress in the critical calcar region, the data from 140 elements in 
this area o f the femoral cortex were selected, as indicated in Figure 3.19. Data 
are presented similarly to the preceding section: graphs showing cumulative 
frequency and percentiles for nodal equivalent stress in the calcar (Figure 3.20 
and Figure 3.21) and the proportion of nodes where equivalent stress falls 
below 3.4 MPa (Figure 3.22). There is very little difference in stress between 
the different cement mantle thicknesses. The thin/UK mantle generates a 
greater ‘unstressed volume’ across all bone densities, indicating that the calcar 
region would experience less stress-shielding with the thick/US mantle.
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Figure 3.19. The proximal part of the femoral cortex, showing the elements 
(highlighted in green) from which data was collected to represent the calcar region.
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Figure 3.20. Cumulative frequency graph of nodal equivalent stress within the calcar 
region. Coloured lines represent different cancellous bone moduli; thick and thin lines 
represent the use of thick/US and thin/UK cement mantles, respectively.
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Figure 3.21. Percentiles of nodal equivalent stress in the calcar region.
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Figure 3.22. Proportion of nodes in the calcar region where the equivalent stress falls 
below an approximate resorption threshold of 3.4 MPa. The thin/UK mantle generates 
stress below this threshold in 2-10% more nodes.
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3.4 Discussion
3.4.1 Cement mantle geometry
Comparison of the geometry between the thick/US and thin/UK mantles 
revealed similarities in the distal half of the mantle. This suggests that the 
medullary canal geometry plays an important part in determining the cement 
mantle thickness, regardless of rasp size.
The proximal half of the cement mantle was more closely controlled by 
rasp size. However, the extents of the interdigitated regions were similar and in 
places much larger than the broach size. This highlights one important 
difficulty in measuring or specifying cement mantle thickness: in a clinical 
situation, the thickness observed radiographically includes the interdigitated 
region which is oflen 10 mm thick or more, even though this region is inferior 
to pure bone cement in terms of mechanical properties and resistance to 
damage and/or joint fluid penetration (Jofe et al. 1991; Mann et al. 2004). Thus 
a clinical observation that the cement mantle is thick and complete may be 
erroneous since pure cement cannot be easily distinguished from interdigitated 
cement-bone composites on radiographs.
The poor centralisation of both stems demonstrates the ineffectiveness 
of the centraliser provided with the Stanmore Hip. However, since the FE mesh 
was manually adjusted to ensure good alignment and centralisation of the stem, 
this problem should not have affected the numerical results of the study.
3.4.2 Stress in the cement mantle
The distribution of maximum principal stress in both cement mantles was 
broadly similar. Stress levels along the lateral side were approximately double 
those seen along most of the medial side, representing the bending mode of 
loading applied to the femur. A much larger focal peak stress was observed in 
all cases posteromedially to the prosthesis tip, in radiographic zones V  and X II. 
This is in agreement both with previous stress analyses and with clinical
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observations of osteolysis in these regions (Kwak et a l 1979; Star et a l 1994; 
Ritter e/ûf/. 1999).
There was no difference between the magnitude of peak tensile stress in 
thick/US and thin/UK cement mantles for high bone density, whilst for low 
bone density the thin mantle experienced peak stress up to 7% higher.
The proportion of nodes in each cement mantle where the maximum 
principal stress exceeded the fatigue limit was 0.22-0.33%. There was hardly 
any difference between cement mantle thicknesses in this respect for normal 
cancellous bone density. Fewer nodes exceeded the fatigue limit in thin/UK 
mantles with very high bone density and in thick/US mantles with low bone 
density. Based on this result alone, it is not possible to favour one cement 
mantle thickness over the other.
Correlation of nodal maximum principal stresses between cement 
mantle thicknesses revealed that for nodes exceeding the fatigue limit of 
8.3 MPa, the thin/UK mantle had consistently higher stresses. This suggests 
that the thinner mantle would fail sooner, in agreement with widely held 
current opinion in orthopaedics (Breusch and Malchau 2005).
3A.3 Stress in the cortical bone
The equivalent stress in the femoral cortex was found to fall below the 
approximate resorption threshold of 3.4 MPa at 22-34% of nodes; low stresses 
were found around the proximal half of the implant, with the lowest occurring 
medially and laterally. This indicates a high likelihood of bone resorption due 
to stress shielding in all cases, with most bone loss expected proximally. The 
lateral minimum occurs only in the most proximal 20 mm of the greater 
trochanter, and is likely to be a result of the simplification of distributed muscle 
forces in this region to a single point load. The low stress in the medial calcar 
region is of most concern, since calcar atrophy due to stress shielding is a 
common problem thought to exacerbate the mechanism of prosthetic loosening 
by compromising the structural integrity of the bone-implant construct (Kroger 
et a l 1998; Venesmaa et a l 2003; Karachalios et a l 2004).
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Stresses in the anterior, lateral, and posterior areas of the proximal 
femoral cortex were influenced much more by cancellous bone density than by 
cement mantle thickness. However, in the critical calcar region, consistently 
higher stress was achieved through the use of the thick/US mantle for all bone 
densities. This is likely to result from better transmission of load to the cortical 
bone by the removal of more of the interposing compliant cancellous bone.
Comparison of the proportion of nodes in the cortical bone where 
equivalent stress fell below an approximate resorption threshold indicated that 
the thin/UK mantle would lead to less resorption due to stress shielding. 
However, when this comparison was made only for nodes in the critical calcar 
region, the thick/US mantle appeared to lead to less bone resorption.
3.4.4 Limitations 
Bone density
Our model represents the cancellous bone of the proximal femur as 
homogeneous and isotropic, and the geometry of the femur as identical in all 
cases. Cancellous bone varies considerably in density within one patient and is 
highly anisotropic, while increased anisotropy and geometric changes such as 
cortical expansion and thinning are often seen alongside reductions in bone 
density. However, it would be difficult to make meaningful comparisons of 
stress in the cortical bone if  its geometry were to vary between models. 
Anisotropic properties and orientations for cancellous bone are currently 
difficult to ascertain except by the use of small scale, high resolution micro- 
CT-based models.
Interdigitation
Penetration of bone cement into cancellous bone varies with bone porosity, as 
does the stiffening effect of interdigitation; thus bone density would in practice 
affect both the geometry and the stiffness of interdigitated regions which are 
ignored in this study. Low bone density might be expected to lead to 
interdigitated regions which are both larger (due to increased permeability) and
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relatively stiffer than the cancellous bone itself. I f  taken into account, this 
would be likely to reduce the differences in cement and cortical bone stresses 
between models with different cement mantle thicknesses and bone densities.
Linear-elastic stress analysis
In our linear-elastic stress analysis, only the initial state of stress is 
investigated, revealing none of the changes in stress or fixation which might 
occur over long periods of time as a result of time-dependent factors such as 
creep or stress relaxation in the cement, frictional slipping of the implant, or 
weakening of the cement through damage accumulation. Consequently, such a 
model provides a useful comparative tool for distinguishing between implant 
characteristics only in the case that the resulting stress distributions are very 
different and that these comparative results are unlikely to be significantly 
affected by long-term or time-dependent effects. In this study, the similarity 
between results for stress in the cement mantle is sufficient to justify further 
investigation of the effect of cement mantle thickness on stem fixation using a 
more refined model incorporating creep and frictional slipping. Subsidence and 
creep might also result in improved load transmission from implant collar to 
calcar, and hence increase compressive stress in the calcar over time.
Cement mantle thickness
Although every effort was made to use anatomically accurate cement mantle 
geometry, some idealisation was made just below the lateral collar. It was not 
possible to obtain reliable geometric data in this region from the section images 
and radiographs. As a result, this region is modelled as a uniformly thin cement 
mantle when in fact it should slightly flare to the lateral side just below the 
collar. However, this region is not highly stressed, and geometric inaccuracies 
here are unlikely to significantly affect remote stresses.
This study is concerned with thick, continuous cement mantles around a 
curved, collared prosthesis. Relevance to other types of femoral component is 
limited, since the geometry and resulting stress distributions may differ 
substantially. In particular, very thin, discontinuous cement mantles with large.
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press-fit implants such as those commonly used in France are unlikely to fail 
through cement damage; other loading and failure mechanisms are thought to 
apply (Langlais et al. 2003).
3.5 Conclusions
The thin/UK and thick/US rasps generated cement mantles which were 
approximately 1 mm and 2.5 mm thick, respectively, in the proximal region 
and became more similar towards the distal end. This represents a clinically 
realistic alteration in cement geometry due to change in rasp size, but does not 
represent dramatically different cement mantle geometries. Hence, it is to be 
expected that the difference in stress between the two models is slight.
The thick/US mantle exhibited lower maximum principal stress in those 
regions of cement where the fatigue limit was exceeded, and more of the 
cortical bone in the calcar region exceeded the resorption threshold, indicating 
that the thick/US mantle should perform better clinically, both in terms of 
cement damage and resorption due to stress shielding. However, poor 
centralisation due to ineffective Stanmore Hip centralisers is likely to negate 
this effect.
Furthermore, time-dependent effects such as cement creep, implant 
subsidence and crack propagation are likely to influence the long term 
behaviour of each cement mantle significantly, particularly in light of the 
apparent similarities in stress levels found in this study. Thus it is necessary to 
include these effects in subsequent comparative studies. This will be addressed 
in later chapters of this thesis.
Variation in patient bone density strongly affected stress levels in the 
cortical bone and cement mantle. This effect was much greater than that of 
cement mantle thickness. However, it did not alter the basic conclusions drawn 
above.
Chapter 4  
Fatigue testing
4.1 Introduction
4.1.1 Background
In the previous chapter, similar stress distributions were found around cement 
mantles of different thicknesses. However, the effect on cement cracking of 
mantle thickness due to broach size has not been investigated clinically, and in 
vitro studies relating to this issue have tended towards great simplification.
As discussed earlier, thin regions in the femoral cement mantle have 
been strongly associated with cracking (Jasty et al. 1991; Jasty et al. 1992; 
Kawate et al. 1998; Koster et al. 1999), and in vitro studies point to increased 
risk of the formation of through-thickness cracks in thin cement, although 
crack growth rates seem unrelated to cement thickness (Hertzler et al. 2002; 
Mann et al. 2004).
4.1.2 Aims and objectives
The study reported in this chapter investigates how cement mantle thickness, 
due to broach size and stem orientation, affects cement cracking around 
Stanmore Hip femoral components. This is achieved by fatigue testing of 
synthetic femurs containing Stanmore Hips with different cement thicknesses 
and stem orientations under a simulated cyclic stair-climbing load. In the next 
chapter, the results of this study will also be compared with those of 
corresponding finite element simulations of cement damage, for the purpose of 
validation of the finite element model.
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4.1.3 Hypotheses
We hypothesised that, under a simulated stair-climbing load
(1) a thicker femoral cement mantle experiences fewer and shorter cracks;
(2) a well-centralised stem leads to fewer and shorter cement cracks.
4.2 Materials and methods
4.2.1 Experimental design
Three groups of implanted synthetic femurs were created with different cement 
mantle geometries for fatigue testing:
(1) those prepared with the larger US broach and good centralisation,
‘thick/US’ (n = 5);
(2) those prepared with the smaller UK broach and good centralisation, 
‘thinAJK’ (n = 5); and
(3) those prepared with the UK broach with deliberate varus positioning to 
generate poor centralisation, ‘varus/UK’ (« = 3).
Power analysis based on the experimental data of Hertzler et al. (2002) 
had indicated that a group size of three would be sufficient to demonstrate 
statistically significant differences in crack length between groups.
4.2.2 Preparation of synthetic femurs
Thirteen synthetic femurs (Sawbones, Pacific Research Laboratories Inc., 
Vashon, USA) were prepared using methods resembling as closely as possible 
the standard surgical technique for the Stanmore Hip. Surgical templates were 
used to select the correct size and shape of implant and corresponding rasp size 
for the Sawbones. The ‘medium’ Sawbones used in this study were determined 
to require Stanmore Hip femoral components of the ‘standard’ shape, and size 
‘2’ in all cases. Power tools were used to perform the neck resection, broach 
and medullary reaming as the Sawbones proved extremely difficult to cut and 
ream using surgical hand tools. The medullary cavity was then widened by 
hand using rasps of ascending size, finishing with either the US-designed rasp
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(thick/US group) or the UK-designed rasp (thin/UK and varus/UK groups), 
both of size ‘2’ . Identical standard size-2 Stanmore femoral components were 
inserted in all cases.
4.2.3 Cementing technique
A  ‘third generation’ cementing technique was used in all cases. Pre-chilled 
Refobacin Palacos-R bone cement (Biomet Europe BV, Dordrecht, The 
Netherlands) was vacuum-mixed and injected under pressure, using the 
Optivac mixing gun system (Biomet Europe), into the medullary cavity in a 
retrograde fashion. The powder and monomer components were mixed within 
a few minutes of removing from refrigeration at 5 °C. Injection into the 
medullary canal took place at 3 ^  minutes from the start of mixing, and stem 
insertion at 6-8 minutes when the cement reached a doughy phase.
4.2.4 Insertion and centraiisation
Stem insertion was performed using a custom insertion rig to control the degree 
of centralisation. For the ‘well-centralised’ groups (thick/US and thin/UK), the 
femoral component was clamped in place on the loading cross-head of a 
universal testing machine (Hounsfield HIOKM, Hounsfield Test Equipment 
Ltd., Redhill, UK) with the implant shaft oriented in a vertical position. Using 
proximal and distal spacers to ensure adequate centralisation, the machine was 
used to lower the implant into the empty medullary canal of the prepared 
Sawbone. Held in position by the implant, the Sawbone was then cast in place 
using a potting metal alloy to hold it in alignment with the implant. Once the 
potting metal had set, the implant could then be raised and lowered freely using 
the machine loading head, whilst remaining well centralised. The centralisers 
were then removed to reduce defects due to air entrapment or turbulence in the 
cement flow during stem insertion. Cement was injected to fill the medullary 
cavity. The stem was inserted at a speed of lOOOmm/min, reducing to 
10 mm/min as it came to within a few millimetres of its final position. As the 
stem came to rest with its collar in contact with the calcar, the reaction force
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was allowed to reach approximately 100 N before the machine was stopped 
and intermittently advanced at 1 mm/min. This allowed the reaction force to be 
maintained at a level of around 100 N until the cement had cured. The load was 
then released and the potting metal was melted away.
Figure 4.1. Schematic of the insertion process, showing (a) potting metal poured 
around the synthetic femur while it is held upright by the clamped prosthesis and 
centralisers; (b) the stem raised and the medullary canal filled with bone cement 
before insertion of the prosthesis without centralisers at 1000 mm/min; (c) the stem 
held in position with a force of approximately 100 N.
For the ‘poorly-centralised’ group (varus/UK), a similar method was 
used for insertion except that no centralising spacers were used, and the 
Sawbone was cast in such a position that the stem was oriented in varus, with 
the distal tip almost touching the inside of the cortex on the lateral side. After 
cement injection and stem insertion, the resulting cement mantle was thus very 
thin in this region. This amounts to a varus orientation of around 0.4 degrees, 
which is limited by the lateral cortical contact, representative of poor insertion 
into a well-aligned broach. The clinical scenario of a poorly-aligned broach
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with cortical penetration could lead to greater stem misalignment, which is not 
investigated here.
Radiographs were taken of each implanted Sawbone in the anterior- 
posterior and lateral directions, giving an indication of the cement mantle 
geometry. These were inspected visually to confirm that the nominally ‘well 
centralised’ cement mantles (thick/US and thin/UK groups) were indeed well 
centralised and that those in ‘poorly centralised’ (varusAJK) group were 
oriented in the varus position as expected.
To ensure adequate curing, all Sawbones were then aged for 24 hours in 
water at 37 °C.
4.2.5 Loading
The implanted femurs were subjected to a simulated stair-climbing load, using 
a six-station hydraulic loading machine (‘Red Rocket’, RDP Howden Ltd., 
Southam, UK). A ll implanted femurs were oriented at 15° of adduction and 15° 
of flexion relative to the vertical, and the distal portion of the femoral shaft cast 
in place using the potting metal. A sinusoidal vertical load was applied to the 
head of each implant, simulating the orientation of the hip joint contact force 
during stair-climbing observed by Bergmann (2001a). The load was varied 
sinusoidally between 0.4 and 4.0 kN for four million cycles at 3 Hz.
Bergman’s data show peak hip joint forces during stair climbing of 
around 2.0 kN. However, pilot studies for our experiment were run at peak 
loads of 2.0, 3.0 and 4.0 kN, and significant cement cracking after several 
million cycles was only observable in the highest load case. It was therefore 
decided that, for the purposes of crack initiation and measurement, a 4.0 kN 
load was necessary.
4.2.6 Sectioning and analysis
After loading, the femurs were sectioned at 5 mm intervals, using a water- 
cooled, diamond-coated saw to minimise surface damage. The sections were
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then stained with a red dye penetrant and developer (Flawfinder, Rocol, Leeds, 
UK) to facilitate crack identification and measurement.
Image analysis software (KS300, Carl Zeiss, Oberkochen, Germany) 
was used to measure cement thickness and crack lengths under a confocal 
microscope. Cement thickness was measured radially at eight 45° intervals per 
section, as indicated in Figure 4.2. Cracks were measured and their locations 
categorised into the same 45° sectors. It was also noted whether any crack was 
contiguous with macropores or with the stem-cement and/or bone-cement 
interfaces.
Kolmogorov-Smimoff tests indicated that the data were not normally 
distributed. Mann-Whitney U-tests were used for all statistical analysis relating 
to cement mantle thickness and crack length, and Chi-square tests for crack 
numbers.
L
Figure 4.2. Section through a thick/US cement mantle showing the eight 45° sectors 
(1-8) into which cracks were categorised. Cement mantle thickness was measured at 
the dividing lines between sectors and at the location of any crack.
4.3 Results
4.3.1 Cement mantle thickness
Upon inspection of the radiographs, one of the femurs in the thick/US group 
was found to have a very thin medial cement mantle. This is thought to have
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arisen due to overloading of the stem during insertion. Subsequent crack 
analyses after loading revealed that this cement mantle had experienced very 
extensive damage, especially in the thin regions. Since it was (a) not felt to be 
representative of a thick/US mantle, and (b) likely to have been damaged or 
highly stressed by the release of the high insertion load, it was decided that this 
femur should be excluded from all statistical analyses.
The other mantles were compared by group to ensure that cement 
thickness was well controlled. Radiographs showed reasonably uniform cement 
thickness representative of the thick/US and thin/UK groups, and very thin 
cement was confirmed at the tip of the stems in the varus/UK group. 
Representative radiographs are shown in Figure 4.3.
Figure 4.3. ‘Lateral’ and ‘anteroposterior’ radiographs of the synthetic femurs, 
showing (left to right) the thick/US, thin/UK, and varus/UK cement mantles.
In the medial half of the proximal third of the cement mantle, the 
median cement thickness measurements for the thick/US, thin/UK and 
varus/UK groups were 2.2 mm, 1.5 mm and 1.3 mm, respectively. Thick/US 
and thin/UK groups were significantly different {p = 0.004 ), as were thin/UK 
and varus/UK groups {p  = 0.01 ). See Figure 4.4.
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Figure 4.4. Box and whisker plots of cement mantle thickness measurements 
compared by group, in the medial half of the proximal third (left) and the lateral half of 
the distal third (right) of the cement mantle.
In the lateral half of the distal third, median thicknesses were 4.2 mm, 
4.1mm and 1.3 mm, respectively. Thin/UK and varus/UK groups were 
significantly different {p <  0.001 ). See Figure 4.4.
4.3.2 Spatial distribution of cracks
Cracks were widely distributed in all sectors and along the full length of the 
prosthesis. There was no obvious difference between groups in terms of crack 
distribution, as indicated in Figure 4.5. Although many of the very longest 
cracks originated from comers of the implant, they were not associated with a 
particular axial or circumferential position in the cement mantle.
4.3.3 Crack numbers and locations
Chi-square tests were used to examine the null hypothesis of equal numbers of 
cracks expected per femur in each group, as shown in Table 4.1. Similar chi- 
square tests were performed on the thick/US and thin/UK groups only and the 
thin/UK and varus/UK groups only (not shown). Numbers of cracks per femur 
between thick/US and thin/UK groups was not significantly different from the 
expected even distribution. The numbers of cracks contiguous with the stem- 
cement and/or bone-cement interfaces across groups did not differ significantly 
from the expected even distribution. There were more cracks in the vams/UK
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group compared with the thin/UK group, and more porosity-associated cracks 
in both the thick/US and varus/UK groups when compared with thin/UK group. 
Cracks not associated with pores were evenly distributed between groups. 
None of the through-thickness cracks were associated with pores.
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Figure 4.5. Histograms showing axial (left) and circumferential (right) crack 
distributions. Cracks appear to be widely and randomly distributed, with no clear 
trends or obvious differences between the groups.
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Table 4.1. Crack frequencies in each group of n femurs. The rows represent all 
cracks (All), cracks associated with stem-cement (Stem) and bone-cement (Bone) 
interfaces, full-thickness cracks (Full), and cracks associated (Pore) and not 
associated (Non-pore) with pores. Chi-square tests examine the null hypothesis of the 
same number of cracks per femur expected in each group.
Cracks In group Thick/US Thin/UK Varus/UK Total Chi-square Sig.
n 4 5 3 12
All Observed 48 42 44 134 6.97 p<0.05
Expected 44.67 55.83 33.5 134
Stem Observed 20 30 20 70 0.85 NS
Expected 23.33 29.17 17.5 70
Bone Observed 23 28 21 72 0.675 NS
Expected 24 30 18 72
Full Observed 9 23 7 39 4.81 NS
Expected 13 16.25 9.75 39
Pore Observed 23 10 20 53 11.66 p<0.01
Expected 17.67 22.08 13.25 53
Non­ Observed 25 32 24 81 0.93 NS
pore Expected 27 33.75 20.25 81
4.3.4 Crack length
Median crack lengths were 0.18 mm, 0.42 mm and 0.38 mm in the thick/US, 
thin/UK and varus/UK groups, respectively. Differences between groups were 
not significant. See Figure 4.6.
Crack length normalised hy local cement thickness was calculated for 
each crack. The median normalised crack lengths for the thick/US, thin/UK 
and varus/UK groups were 0.089, 0.302 and 0.300 respectively. The difference 
between thick/US and thin/UK groups was highly significant (p  = 0.002 ), as 
shown in Figure 4.6.
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Figure 4.6. Box and whisker plots showing crack length (left) and normalised crack 
length (right) for each group.
4.3.5 Cracks in the distal mantle
In the cement surrounding only the distal 4 cm of the stem, median crack 
lengths were 0.19 mm, 0.07 mm and 0.38 mm in the thick/US, thin/UK and 
varus/UK groups, respectively. The differences between the thin/UK and 
varus/UK groups was significant (p  = 0.015). Crack length normalised by 
local cement thickness was also calculated for each crack in the distal 4 cm of 
the mantle. The median normalised crack lengths for the thick/US, thin/UK and 
varus/UK groups were 0.093, 0.012 and 0.419 respectively. The difference 
between the thin/UK and varus/UK groups was significant {p = 0.02 ). See 
Figure 4.7.
For the thin/UK and varus/UK groups, cracks occurring in the distal 
4 cm of the mantle are counted in Table 4.2. A chi-square test, examining the 
null hypothesis of equal numbers of cracks expected per femur, indicated that 
the poorly-centralised stem has more cement cracks than expected (p <  0.05 ).
4.3.6 Cracks in thin cement regions
Across all groups, the median length of cracks found in cement less than 1 mm 
thick was 0.51 mm. Thicker cement had a median crack length of 0.20 mm. 
This difference was significant (/? = 0.005 ), as indicated in Figure 4.8.
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Figure 4.7. Box and whisker plots showing crack length (left) and normalised crack 
length (right), in the cement mantle around the distal 4 cm of the stem, for each group.
Table 4.2. Crack frequencies in distal 4 cm of the mantle, for the well- and poorly- 
centralised groups of n femurs. Chi-square test examines the null hypothesis of equal 
numbers of cracks expected per femur.
Cracks in group Thin/UK Varus/UK Total Chi-square Sig.
n 5 3 8
Cracks Observed 7 11 18 4.28 p < 0.05
Expected 11.25 6.75 18
1 mm or greater Lets than 1 r
Local cement thickness
p«0001
A .
m Of greater Use Bien 1 r
Local cement thickness
Figure 4.8. Box and whisker plots showing crack length (left) and normalised crack 
length (right), in cement locally measured as thick (1 mm or greater) and thin (less 
than 1 mm).
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Figure 4.9. Cracks stained with dye penetrant and viewed under a microscope, 
showing many cracks, including full-thickness cracks, in thin mantle regions.
Table 4.3. Crack frequencies in cement locally measured as thick or thin. Chi-square 
test examines the null hypothesis of even crack distribution.
Cement thickness < 1 mm > 1 mm Total Chi-square Sig.
Thickness measurements 176 1159 1335
Cracks Observed 34 100 134 17.40 p < 0.01
Expected 17.67 116.33 134
Cement thickness measurements of less than 1 mm comprised 13 
percent of all thickness measurements, while 25 percent of all cracks occurred 
in cement less than 1 mm thick. A chi-square test, to examine the null 
hypothesis that cracks would be evenly distributed, indicated that 
disproportionately more cracks are found in thin mantle regions ( p <  0.05 ), as 
shown in Table 4.3. Microscopy images of cracks in thin mantle regions are 
shown in Figure 4.9.
4.3.7 Cracking and porosity
Across all groups, 53 cracks were contiguous with at least one macropore and 
81 were not. The median length of cracks associated with pores was 0.27 mm. 
Cracks not associated with pores had a median length of 0.55 mm. The 
difference between these categories was significant (/?< 0.001 ). Crack length
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normalised by local cement thickness was also significantly different between 
these two categories (;?< 0.001 ), with cracks associated and not associated 
with pores having median normalised crack lengths of 0.144 and 0.332, 
respectively. See Figure 4.10.
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Figure 4.10. Box and whisker plots showing crack length (left) and normalised crack 
length (right) for cracks associated and not associated with macroporosity.
4.4 Discussion
4.4.1 Cement mantle thickness
The primary aim of this study was to investigate the effect of cement mantle 
thickness on cracking of the cement mantle. Significant differences in the 
proximal medial cement mantle thickness between the thick/US and thin/UK 
groups confirmed that cement thickness was effectively controlled by rasp size, 
within a clinically realistic range. Significant differences in the distal lateral 
thickness between the well- and poorly-centralised groups confirmed that 
cement thickness was effectively controlled by stem orientation.
4.4.2 Broach size
Although there was no significant difference between thick/US and thin/UK 
groups in terms of absolute crack length, when crack length was normalised by
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locally-measured cement thickness the thick/US mantle had relatively shorter 
cracks, and this was significant. This concurs with the simpler torsional fatigue 
test findings of Hertzler et a l (2002) that crack growth is independent of 
cement thickness but that failure occurs sooner in thin mantles since the crack 
has less distance to travel.
4.4.3 Stem alignment
More cracks and longer cracks were found in the varus/UK group when 
compared with the well-centralised thin/UK group, in the distal 4 cm of the 
cement mantle. This difference was not apparent when the whole cement 
mantle was considered, suggesting that the effect of thin or defective regions 
around poorly-centralised stems is restricted to localised damage and does not 
affect the mechanical integrity of the cement mantle as a whole. Nevertheless, 
this is an important finding given that local cracking may be associated with 
lysis and failure, as indicated in the effective joint space scenario.
4.4.4 Local cement thickness
Significantly longer and proportionately more cracks were found in thin mantle 
regions, in agreement with clinical findings (Jasty et a l 1991; Jasty et a l 1992; 
Kawate et a l 1998; Koster et a l 1999). Rasp size alone did not have this 
effect, suggesting that control over local cement mantle thickness is more 
important than broach size in minimizing the risk of fatigue damage to the 
cement mantle. Good surgical technique, including the right choice of surgical 
approach and the use of effective centralisers where appropriate, are therefore 
likely to be of far greater clinical significance than design alterations to the 
surgical tooling.
4.4.5 Porosity
Whilst there was a significant difference between groups in terms of crack 
numbers, this difference is explained by the differing numbers of cracks 
associated with pores. We did not measure porosity levels directly, but it is 
conceivable that the thicker mantle might have experienced higher levels of
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porosity, possibly due to lower pressurisation of the cement during insertion: 
pressurisation is known to increase strength (Guidoni and Vallo 2002) and 
fatigue resistance (Dunne et al. 2003; Freitag and Cannon 1977) by reducing 
porosity.
Nonetheless, cracks associated with pores were significantly shorter, 
did not traverse the full thickness of the cement, and generally followed a 
trajectory that was less straight than that of cracks remote fi*om pores. This 
supports the viewpoint that pores either inhibit crack growth by crack-blunting 
and crack path deviation (Janssen et al. 2005b) or initiate cracks which are not 
particularly detrimental as they do not grow far. In either case, it is unlikely 
that differing levels of porosity between our experimental groups would have 
dramatically altered the mechanical integrity of the cement mantles.
4.4.6 Crack distribution
Cracks in all groups were widely and randomly scattered, and although many 
cracks appeared to originate at comers of the prosthesis, there was no obvious 
pattern to the distribution of cracks. In contrast, highly localised and extensive 
damage has been observed around sharp-cornered prostheses (Stolk et al. 
2003a; Hertzler et al. 2002). It is likely that our choice of the Stanmore Hip -  a 
smooth, rounded, clinically successful implant without major stress 
concentrators -  renders comparison of crack distributions difficult due to the 
low level and diffuse nature of damage generated.
4.4.7 Limitations
The loading configuration used in this study was based on a peak stair climbing 
load. However, the magnitude of loading was double the physiological level 
and the combination of forces and constraints highly simplified to facilitate 
mechanical testing. These compromises were deemed necessary for two 
reasons. First, for technical and logistical reasons, periods of testing longer 
than several million cycles were not possible using hydraulic loading 
machinery available, necessitating the high load. This was the only way to
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ensure sufficient measurable cracking of the cement for statistical analysis. 
Second, complex loading configurations including simulated muscle forces are 
difficult to apply, and have been attempted for gait loading (Britton et al. 2003; 
Cristofolini et a l 1995) but not for a stair-climbing setup.
In the next chapter, we describe the simulation of this experiment using 
a finite element method including damage accumulation. Such a model should 
facilitate the simulation of more realistic and complex loads, including muscle 
forces.
Chapter 5 
Creep and damage accumulation
5.1 Introduction
In the previous chapter, fatigue testing was performed on synthetic femurs 
containing Stanmore Hips implanted into cement mantles of different 
thicknesses. Loading conditions represented a highly simplified approximation 
of a stair-climbing load. More appropriate, physiologically informed loading is 
difficult to apply experimentally, but may be easily applied to a finite element 
model. In Chapter 3, finite element models with different cement thicknesses 
were loaded with more physiological forces, but linear elastic stress analysis 
alone was not sufficient to allow us to differentiate between cement mantle 
thicknesses; creep and subsidence could alter these results significantly.
In this chapter, we use existing models for creep, damage accumulation 
and friction to model the material behaviour and interfacial characteristics of 
Palacos-R bone cement around a Stanmore Hip stem. Initially, a simple, 
axisymmetric finite element model is used to assess whether an existing creep 
algorithm and friction formulation adequately represents the subsidence 
characteristics of a satin-finish stem in a Palacos-R cement mantle. A finite 
element simulation of the fatigue test described in the previous chapter is then 
performed to assess the validity of a damage accumulation algorithm combined 
with the same creep and friction parameters.
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5.2 Materials and methods
5.2.1 Cement creep and damage behaviour algorithm
The material behaviour of bone cement was modelled using a finite element
approach combined with a Maxwell creep model and a three-dimensional
continuum damage mechanics model. These algorithms were described in
detail by Stolk et al. (2004), and implemented as MARC subroutines written by
Jan Stolk and extensively tested and validated for comparative preclinical
implant testing (Stolk et al. 2003a; Stolk et al. 2007). A brief explanation
follows, as summarised in Figure 5.1.
It would be computationally impractical to simulate millions of loading
cycles individually. Instead, a quasi-static load is applied representing the peak
load, and the laws determining creep and damage properties for bone cement
are derived from cyclic testing. Each iteration timestep thus represents many
load cycles, and is varied in order to ensure a stable solution at minimal
computational cost.
Creep strain and damage tensors are monitored at each integration
point, and both are set to zero at the start of analysis. At the beginning of each
increment, the FE code assembles the stiffness matrix and calculates the stress
and elastic strain at each integration point.
At each integration point, the equivalent creep strain increment Ag^ eq
during timestep A« is calculated based on the equivalent stress tJeq and the
existing equivalent creep strain g^gq after n cycles,
Ac%, = 7.985x10 '' - (M+A«) «''in-o ii6iog.^  . 9063 _ ^
based on the experimental data of Verdonschot and Huiskes (1995). The 
incremental creep strain tensor Ag^ ,y is then scaled from the equivalent creep 
strain increment, based on the stress tensor ,
Ag^ y dOij
Ag eq O^'eq (5.2)
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and the new creep strain tensor s^ ij („ +a«) is the sum of the old and incremental 
creep strain tensors,
^  ij(n + A n ) ~  ^  ij (n) +  ij • ( 5 . 3 )
A creep timestep is selected each iteration such that the equivalent creep 
strain increment cannot exceed 5% of the equivalent creep strain at any 
integration point.
Damage accumulation at each integration point is represented as tensor 
rotated to local principal stress axes, where only the trace values are nonzero. 
The incremental damage tensor AD„ is calculated as
AD. -  -  D . ,
V %  /  (5.4)
where Du is the total damage tensor, and where the number of cycles to failure 
N f i  is related to the corresponding principal stress by the S-N curve
JVf, = , (5.5)
provided that the principal stress is tensile. This was derived experimentally by
Murphy and Prendergast (1999). The new damage tensor A , (n+A«) is the sum
of the old and incremental damage tensors,
Av(n+A«) ~ Du{n) ^Du  . (5.6)
The trace values of the total damage tensor cannot exceed 1.0, and a damage- 
based timestep is selected for each iteration such that the total damage at 
any integration point does not exceed this level. The smaller of the two 
timesteps, and A« *^, is used.
The stiffness matrix is unaffected by (micro)damage accumulation until 
one of the local principal damage values reaches a critical level of 0.75. Then, 
a (macro)crack forms, in the plane normal to the corresponding principal 
damage direction. Crack formation forces the material to behave anisotropic- 
ally, reducing the elastic modulus and two shear moduli normal to the crack 
plane to almost zero. Whilst the local damage tensor is aligned with the 
changing principal stress axes, formation of the first crack fixes the first local
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damage axis and the second crack fixes the second damage axis; three 
orthogonal cracks are possible at each integration point.
Once the creep strain and damage tensors and the stiffness matrix have 
been updated, the next iteration begins at time n +A« . Iterations continue until 
the desired number of loading cycles has been reached.
Figure 5.1. Iteration scheme used in cement creep/damage simulation. Adapted from 
Stolk et ai (2004).
5.2.2 Creep and subsidence test
Six conically-tapered implants were manufactured, of length 100 mm, taper 
angle 8 degrees and distal diameter 10 mm. Four were fabricated from cobalt 
chromium (CoCrMo) alloy and two from surgical stainless steel. The CoCrMo 
implants were surface treated by Biomet UK using vapour-blasting to provide a 
‘satin finish’ identical to that of the Stanmore Hip. The steel implants were
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polished to give a smooth finish similar to that used by Verdonschot and 
Huiskes (1996b), on whose experimental setup this test is based. The satin 
CoCrMo and polished steel tapers had mean surface rugosities (Ra) of 
174(±36)nm  and 48 (± 14) nm respectively, measured at 24 locations per 
taper, using a ‘Talysurf 10’ profilometer (Taylor Hobson Ltd., Leicester, UK).
m m
m #
m
Figure 5.2. Fabrication of conical test samples, showing insertion of the tapered 
implant to the cement-filled mould casing (left) and the finished product (right).
Cement mantles with a uniform 10 mm thickness were cast around the 
implants from Palacos-R bone cement, using a ‘third generation’ mixing 
technique. The monomer and powder components were mixed within a few 
minutes of removing from refrigeration at 5°C. An Optivac mixing gun 
(Biomet, Inc., Warsaw, Indiana) was used to vacuum-mix and inject the 
cement, in a retrograde fashion, into a tapered steel casing coated with mould 
release agent. Once the casing was filled with cement, the conical implant was 
inserted by hand through a hole in the casing lid and pushed through the 
cement in an axial direction until it came to rest against the conical centralising 
notch in the base of the casing, as indicated in Figure 5.2. The insertion force
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was maintained until the cement had cured. Afterwards, the casing was 
removed, leaving the implant embedded in a block of bone cement, as shown 
in Figure 5.2. This was then aged for 48 hours in water at 37 °C.
Displacement transducers with a 10 mm linear range were fixed 
between the implants and the base of the testing station, to measure the axial 
displacement of the implant, as shown in Figure 5.3. These were connected to 
a multi-channel amplifier (Spider-8; Hottinger Baldwin Messtechnik GmbH, 
Darmstadt, Germany) and monitored using sampling software (Catman 
Express; Hottinger Baldwin Messtechnik GmbH) on a desktop computer.
All six implants were connected to the loading heads of a six-station 
hydraulic loading machine (RDP Howden Ltd., Southam, UK) and lowered 
into saline baths at room temperature, with the base of each cement block 
resting against a steel base plate. Axial compressive loads were then applied to 
each implant, varying sinusoidally between 70 and 700 N, at a frequency of
1.0 Hz. After 4 million cycles, the load was removed and the cement blocks 
were allowed to rest for 48 hours to enable the partial relaxation of creep 
strains. Following this, a sinusoidal load varying between 200 and 2000 N was 
applied at 1.0 Hz for a further 4 million cycles. After another 48 hour resting 
period, a sinusoidal load of 300 to 3000 N was applied for 2 million cycles.
Figure 5.3. Instrumented test sample in saline bath. Loading head raised for clarity.
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Figure 5.4. Finite element mesh of a quarter of the conical test sample (left), and a 
schematic of the boundary conditions applied (right).
5.2.3 Creep and subsidence simulation
A finite element mesh representing one quarter of the creep/subsidence test 
sample was constructed using 774 eight-noded linear brick elements. The 
Young’s modulus for the metal implant and bone cement block were 220 GPa 
and 2.7 GPa respectively, and the Poisson’s ratio was 0.3 for both materials. 
The bone cement material behaviour algorithm described above was used to 
simulate viscoelastic creep of the cement. The implant-cement interface was 
modelled with a stick-slip Coulomb friction formulation, using a friction 
coefficient of 0.25. Mesh geometry and simplified boundary conditions are 
shown in Figure 5.4.
A vertical compressive force was applied to nodes on the top surface of 
the taper, adding up to one quarter of the peak cyclic load applied in the
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creep/subsidence test. Load cases representing the 700, 2000 and 3000 N loads 
were simulated independently. The resulting position of the metal taper over 
time was compared with the subsidence measured in the physical test.
5.2.4 Fatigue test simulation
An IGES solid model of the Third generation composite femur #3306’ made by 
Pacific Research Labs, Inc. (Vashon, W A) was acquired from the BEL 
repository (Papini and Zalzal 2003). A solid model of a Stanmore Hip femoral 
component was provided by Biomet. These were used to form the basis for 
three finite element meshes representing a proximal femur comprising cortical 
and cancellous bone, with the femoral neck resected and Stanmore Hip femoral 
components inserted as determined by standard surgical practice and with the 
aid of surgical stem sizing templates.
One model was given a 2.5 mm thick cement mantle surrounding the 
femoral component, and another a 1.0 mm mantle; both mantles were of 
uniform thickness along most of the stem length, but broadened near the tip 
due to the medullary canal geometry. A third model mimicked the 1.0 mm- 
thick mantle model, but the stem was tilted into varus, narrowing the lateral 
cement thickness to 0.1 mm near the stem tip. The cement layer surrounding 
the stem was three elements thick everywhere in all three models. Mesh 
structure and distribution of material properties are indicated in Figure 5.5.
Each mesh comprised of 4304 eight-noded brick elements with material 
properties assigned as in Table 5.1. A ll materials were considered isotropic 
and were representative of the properties of a ‘third generation composite 
femur #3306’ bone analogue (Pacific Research Labs, Inc.). The stem-cement 
interface was modelled as fiilly debonded, using a Coulomb stick-slip friction 
formulation with a friction coefficient of 0.25.
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Figure 5.5. Finite element meshes of the implanted composite femur, showing (left to 
right) sections through the thick/2.5mm, thin/1.0mm and varus/1.0mm models, with 
material properties indicated, and frontal and lateral projections of the loading and 
boundary conditions applied.
Table 5.1. Numbers of elements of each material type in the three models.
Model
Number of elements in each material set
Cortical bone Cane, bone Bone cement CoCr implant
Thick/2.5mm 1156 164 1640 1344
Thin/I.Omm 1086 234 1640 1344
Varus/1.0mm 1086 234 1640 1344
Creep strain and damage accumulation in the cement were simulated 
over 20 million cycles using the creep/damage subroutines described above. 
Load and boundary constraints were applied representing the loading setup of 
the fatigue test described in the previous chapter, as indicated in Figure 5.5.
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Figure 5.6. Graph showing taper subsidence over time. Coloured lines represent 
experimental measurements and black lines represent results from FE simulations.
5.3 Results
5.3.1 Creep and subsidence
Peak axial displacements under each of the three applied loads are plotted over 
time in Figure 5.6, for both the creep/subsidence experimental test samples 
and the finite element simulations. There is reasonable agreement between 
measured and computed results, simulated subsidence falling mostly within the 
range of the experimental data.
Subsidence appears to be predominantly through creep at 700 N, and 
predominantly through interfacial slipping at 3000 N. Under the 2000 N load, 
neither mechanism seems dominant, but the high sensitivity of subsidence rates 
to slight fluctuations (approximately ±5%) in the peak applied load indicates 
that this level of loading may represent a transition between ‘sticking’ and 
‘slipping’ behaviour. The simulated results showed similar stick-slip 
characteristics to those measured experimentally.
Both the polished (shown in Figure 5.6 as blue and purple lines) and 
satin-fmish stems showed similar levels of subsidence. However, under the
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3000 N  load, the polished stems followed a smoother, more continuous 
subsidence trajectory whilst the satin-finished stems ‘stuck’ for longer periods 
and then ‘slipped’ greater distances. Simulated results more closely resemble 
the experimental results for the satin-finished tapers.
5.3.2 Fatigue simulation 
Crack distribution
As described in the previous chapter, cracks in the cement following fatigue 
testing appeared widely randomly distributed, and hence it was not possible to 
distinguish between mantle thicknesses in terms of crack locations. The finite 
element simulations showed crack distributions which were much more 
consistent between different mantle thicknesses. Considering both the 
similarities seen between simulated crack locations and the scatter seen in 
fatigue test results, no direct comparison was possible between mantle 
thicknesses on the basis of crack location.
Through-thickness cracks were defined as collections of cracked 
integration points forming a continuous link between stem-cement and cement- 
bone interfaces. The locations of simulated through-thickness cracks 
corresponded to those o f fiill-thickness cracks seen in some of the sections 
from the fatigue tests, shown in Figure 5.7. The variability in the locations of 
cracks seen in the fatigue test specimens prevented systematic comparison 
between finite element and experimental results. Nonetheless, close similarity 
in the locations of large and through-thickness cracks was observed between 
finite element simulations and some of the fatigue test specimens, as indicated 
in Figure 5.7.
Crack numbers and lengths
The total number of cracks occurring in each finite element simulation was 
recorded over time. This is shown in Figure 5.8, normalised by the total 
number o f cracks possible (39360), i.e. the total number of cement elements 
(1640) multiplied by the number of integration points per element (8)
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multiplied by the number of cracks possible per integration point (3). Since the 
cement mantles were all three elements (six integration points) thick, this 
quantity is effectively scaled to the cement mantle thickness. For comparison, 
the measured crack lengths reported in the previous chapter are presented in 
Figure 5.9, also normalised by cement mantle thickness.
These results show near-identical levels of cracking in the thin/1.0mm 
and varus/1.0mm simulations. Corresponding near-identical median normalised 
crack lengths are reported for the thin/UK and varus/UK fatigue test groups 
(0.302 and 0.300, respectively). The thick/2.5mm simulation exhibits a 
cracking level less than half that of the thin/1.0mm model. Median normalised 
crack length for the thick/US fatigue test group is around one third that of the 
thin/UK group (0.089 versus 0.302).
The normalised number of cement cracks multiplied by the total cement 
volume is also plotted for each model in Figure 5.10. This measure 
compensates for the different through-thickness mesh densities between 
models, and can therefore be compared to absolute crack lengths reported in 
the previous chapter. These are shown in Figure 5.11.
These results indicate similar levels o f cracking in all three models, 
although slightly lower in the thick/2.5mm model over much of the simulation. 
Correspondingly, there is no significant difference between the three 
experimental groups in terms of crack length, although the thick/US group does 
have a lower median crack length.
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Figure 5.7. Some representative sections from the finite element simulation (left) after 
20 million cycles, and the fatigue study described in the previous chapter (right). 
Cracked integration points are shown in dark grey. Arrows indicate full-thickness 
fatigue cracks.
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Figure 5.8. Graph showing the total number of cracks in each cement mantle over 
time, normalised by the total number of cracks possible.
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Figure 5.9. Box and whisker plot showing crack length per unit cement thickness, as 
measured in the fatigue study described in the previous chapter. Cracks normalised 
by cement mantle thickness are significantly shorter in the thick/US group.
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Figure 5.10. Graph showing the ‘cracked volume' in each cement mantle over time, 
where cracked volume is the normalised crack number multiplied by the total cement 
volume.
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Figure 5.11. Box and whisker plot showing crack lengths from the fatigue test in the 
previous chapter, with no significant difference between thick/US, thin/UK and 
varus/UK groups.
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5.4 Discussion
5.4.1 Creep and subsidence
The algorithms used to simulate creep and damage behaviour for bone cement 
were based on creep and fatigue studies using Cemex RX cement (Murphy and 
Prendergast 1999; Murphy and Prendergast 2002; Murphy and Prendergast 
2003). However, they have been used to realistically simulate creep and fatigue 
in another brand of cement. Simplex P (Stolk et al. 2003b; Janssen et al. 
2005c; Janssen et al. 2005b), without modification. It was originally intended 
that the creep algorithm should be adjusted to suit the creep behaviour of the 
Palacos-R bone cement as reported in the literature, and that the formulation of 
frictional behaviour for the satin-finished stem be informed, if  necessary, by 
the experimental data. However, given the similarity between subsidence levels 
measured experimental and predicted computationally, it was decided that the 
creep and frictional behaviour of the Palacos-R bone cement around a 
Stanmore Hip could be reasonably approximated without modifications to the 
previously-used creep algorithm.
The decision to model frictional behaviour for a satin-finished cobalt- 
chrome stem using to the Coulomb friction coefficient established for polished 
steel implants (Mann et al. 1991; Verdonschot and Huiskes 1996b) was 
justified by the similar subsidence rates we observed for polished and satin- 
finished implants. Thus, the existing models for creep and interfacial friction 
adequately describe the behaviour of Palacos-R cement around a Stanmore 
Hip.
Cement blocks were re-used for each successive cyclic loading test, 
rather than replacement by fresh samples for every test. This was deemed 
acceptable since the measured subsidence at the end of each test (once the load 
had been reduced to zero) was a small fraction of that achieved within the first 
few cycles o f the subsequent, more aggressive test. Therefore, the influence of 
the 700 N  loading on the subsequent 2000 N  test results, or of the 2000 N
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loading on the 3000 N  test results, is likely to be small. After each loading 
period, one cement block was removed, sectioned at 5 mm intervals and 
stained with dye penetrant to reveal cracks; none were found in any case.
5.4.2 Fatigue simulation
The finite element simulation correctly predicts similar cracking levels 
in all three mantles, and lower cracking levels in the thick/2.5mm mantle as a 
proportion o f the cement volume, in agreement with experimental crack length 
measurements. This corroborates the finding that crack growth rates in 
torsional loading are independent of cement thickness but that cracks would 
therefore traverse a thin mantle sooner (Hertzler et al. 2002). Our model is 
loaded predominantly in torsion, since the rigid boundary constraint applied to 
the femur prevents significant bending. This was necessary to mimic the 
fatigue test setup, but more realistic boundary conditions including muscle 
loading are used in the next chapter. It is possible that more physiological 
loading including a significant bending component would lead to differing 
crack growth rates between cement mantles.
The diffuse nature of the cracking observed following fatigue testing 
prevented systematic comparison between experimental and computed results, 
although many of the larger and through-thickness cracks simulated could be 
identified on sections from the fatigue test specimens. The variability in 
experimental fatigue test results prevented differentiating between cement 
mantle thicknesses on the basis of crack distribution; such a comparison of 
simulated results was also impeded by the similarity of crack distributions 
between mantle thicknesses.
Stolk (2003a) records an underestimation of damage levels by his 
creep/damage algorithms, noting that the timescale appears to be out by factor 
of ten; our results concur with this: damage patterns simulated at 20 million 
cycles appear comparable to those measured after 4 million cycles of fatigue 
testing. Roques et al. (2004) suggest that the omission of residual cement 
stresses (arising from curing and thermal shrinkage) from the simulation may
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account for this timescale error. Nevertheless, timescale notwithstanding, the 
reasonable comparative results of Stolk et al. (2003a; 2004; 2007) suggest that 
this model can be used for comparative purposes. However, it is worth bearing 
in mind that the data from Stolk et al. are based on very different prostheses 
with clinical outcomes ranging from excellent to disappointing, whilst our 
study is concerned with differences to the mantle of one clinically excellent 
prosthesis.
Porosity is also known to affect the fatigue behaviour of cement 
(Ishihara et al. 2000; Murphy and Prendergast 2002), but the principal 
difficulty in including porosity in a predictive fatigue model is that whilst the 
effect of porosity on tensile specimens is dramatic, physiological stresses and 
the resulting crack propagation in cement mantles are affected primarily by 
pore location rather than the level of porosity (Janssen et al. 2005c; Janssen et 
al. 2005b). Thus, a probabilistic/stochastic approach is required to take account 
of the many possible pore distributions (Jeffers et al. 2005a). Research into 
such a model is at an early stage, having been recently investigated by Jeffers 
et al. (2007a) for a simplistic two-dimensional model; such an approach is 
likely to be incorporated into future models as computational power allows. To 
do so would be beyond the scope of this study, but would allow variability in 
fatigue test results to be represented computationally. The method used in this 
study provides a reasonable comparative test (Stolk et al. 2003a; Stolk et al. 
2004; Stolk et al. 2007) but would not reproduce this variability.
Crack propagation rates are known to be dependent on mesh density, 
finer mesh sizes encouraging faster crack growth at stress concentrators such as 
prosthesis comers where high stress gradients occur. However, the Stanmore 
Hip is a smooth-cornered implant without major stress concentrators, so this 
factor is unlikely to have any major impact on our results. Furthermore, the 
independently-developed creep/damage algorithms of both Stolk et al. (2003b) 
and Jeffers et al. (2003) show reliable crack growth rates in mesh sizes similar 
to those used in our study, which are also very close to those used in previous
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studies (Stolk et a l 2003a; Stolk et a l 2004; Stolk et a l 2007). In fact, the only 
region of the cement mantle likely to have suffered exaggerated damage due to 
its higher mesh density is very thin lateral region near the stem tip in the 
varus/1.0mm model, where the elements approach a critical size expected to 
promote exaggerated cracking rates (Stolk et a l 2003b); we recorded very little 
damage in this region, suggesting that this is not a problem.
5.5 Conclusion
Finite element-based creep and damage algorithms have previously been 
shown to realistically simulate damage accumulation in cement mantles around 
the femoral components o f hip replacements, enabling comparative preclinical 
testing. Although developed for another brand of cement, we have shown that 
an existing creep/damage model, combined with frictional parameters for 
polished stems, accurately predicts creep and subsidence for a satin-finish 
Stanmore Hip in a Palacos-R cement mantle. Furthermore, this model correctly 
predicts very similar levels o f cracking in cement mantles o f different 
thicknesses, as measured experimentally in the previous chapter. However, 
porosity and residual stress are omitted from this model, explaining why the 
high degree o f variability in fatigue crack distribution is not simulated and why 
the timescale for crack propagation is inaccurate.
Chapter 6 
Param etric dam age simulation
6.1 Introduction
6.1.1 Loading configuration
In Chapters 4 and 5, we first measured and then simulated crack propagation in 
the cement mantles around Stanmore Hips under a loading configuration 
representative of a simplified stair-climbing load. This loading configuration 
had some major modifications to facilitate substantial, measurable damage 
within a reasonable timeframe and without damage to the synthetic femur: 
notably, an over-constrained proximal femur with only an exaggerated hip joint 
contact force applied. In the current chapter, a more physiologically relevant 
test setup is used, with a stair-climbing load incorporating muscle forces and 
more realistic bone material properties. We have thus far been concerned with 
stair-climbing loads only, since these are known to be particularly detrimental 
to the cement mantle (Stolk et al. 2002). In this chapter, we also consider gait 
loading for comparative purposes, since this comprises the majority of load 
cycles experienced by the cement mantle and has been widely used in other 
stress analyses and fatigue simulations of the cement mantle.
6.1.2 Debonding
The role o f the interfacial bond between stem and cement upon implant 
fixation is poorly understood. Clinically, rough stems designed to remain 
bonded have tended to perform worse than smooth stems of similar geometry 
(Collis and Mohler 2002; Collis and Mohler 1998; Datir and Wynn-Jones
135
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2005; Datir et al. 2006; Della Valle et al. 2005; Hinrichs et al. 2003), although 
some have performed well (Harris 1998). Debonding of the stem-cement 
interface has been observed by some to increase peak cement stress levels 
(Harrigan and Harris 1991; Verdonschot and Huiskes 1997b; Chang et al. 
1998), whilst others have observed the opposite effect (Wheeler et al. 1997; 
Massin et al. 2003). It is likely that the effect of stem-cement debonding on the 
stress or damage sustained by the cement mantle is affected by a range of 
factors related to stem design, cement geometry and load configuration.
6.1.3 Collar
One such factor is the presence of absence of a collar. Contact between a collar 
and the medial calcar has been shown to increase bone stress and reduce 
cement stress proximally (Crowninshield et al. 1980; Lewis et al. 1984; Fagan 
and Lee 1986a; Prendergast and Taylor 1990; O'Connor et al. 1996). Whilst 
work in previous chapters has concerned the Stanmore Hip, a ‘shape-closed’ 
design, we shall also consider a modified collarless version of the Stanmore, 
representative of a double-tapered ‘force-closed’ design. This should delineate 
between those observations which apply specifically to stem designs equivalent 
to the Stanmore Hip and those which are also applicable to collarless types of 
stem design.
6.1.4 Objectives
The study described in this chapter aims to investigate the effects of cement 
mantle thickness and centralisation on damage to the cement mantle around a 
femoral component with or without a proximal collar, where the stem-cement 
interface is bonded or debonded, under simulated stair-climbing and gait loads. 
To estimate the likely effects of stem design and cement geometry on bone 
resorption due to stress-shielding, the stress in the medial calcar is also 
investigated under simulated gait loading.
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6.2 Materials and methods
6.2.1 Mesh generation
Six finite element models were constructed based on solid models of a 
Stanmore Hip femoral component and a Standard Femur. Surgical size guide 
templates were used to ensure correct prosthesis size and alignment. Two 
models were developed with a 2.5 mm (‘thick’) and a 1.0 mm (‘medium’) 
cement mantle around the implant, and a third where the stem within the
1.0 mm mantle was tilted into varus, as explained in the previous chapter. 
Collarless versions of the ‘thick/2.5 mm’ and ‘medium/1.0 mm’ models were 
also generated. Lastly, a sixth model, with an oversized (size 3) Stanmore Hip 
in a ‘thin’ (0.5 mm) mantle was created. The main characteristics of each mesh 
are summarised in Table 6.1, and their respective stem and cement mantle 
geometries are indicated in Figure 6.1. The minimum cement element edge 
lengths were 0.49, 0.31, 0.15 and 0.09 mm in the thick/2.5 mm, 
medium/1.0 mm, thin/0.5 mm and varus/1.0 mm mantles, respectively. 
Maximum cement element size was 10.5 mm in all cases.
Table 6.1. Mesh properties for each finite element model
Model Nominalcement
thickness
Stem Number of elements of each material
descriptor size CoCr
stem
PMMA
cement
Cancellous
bone
Cortical
bone
Thick/2.5mm 2.5 mm 2 1344 1640 164 1156
Thick/2.5mm 
without collar 2.5 mm 2 1296 1640 164 1156
Medium/1.0mm 1.0 mm 2 1344 1640 234 1086
Medium/1.0mm 
without collar 1.0 mm 2 1296 1640 234 1086
Varus/1.0mm 1.0 mm 2 1344 1640 234 1086
Thin/0.5mm 0.5 mm 3 1904 1640 164 1092
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I
Figure 6.1. Sections through the finite element meshes, showing the different cement 
mantle and stem geometries, (a) Medium/1.0 mm; (b) Varus/1.0 mm; (c) Medium/ 
1.0 mm without collar; (d) Thick/2.5 mm; (e) Thick/2.5 mm without collar; (f) 
Thin/0.5 mm.
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6.2.2 Material properties
Elastic properties were assigned to the models as summarised in Table 6.2. 
The creep and damage behaviour of bone cement under cyclic loading was 
simulated using algorithms developed by Stolk et a l (2004), as described in the 
previous chapter. For each model, the cement-stem interface was modelled as 
either fully bonded or fully debonded with a Coulomb stick-slip friction 
formulation using a friction coefficient of 0.25.
Table 6.2. Elastic properties assigned to materials in the finite element models
Material Elastic modulus (GPa) Poisson’s ratio
CoCr stem E = 220 v= 0.3
Palacos-R cement E = 2.7 y= 0.3
Cancellous bone E=0.4 y = 0.3
Cortical bone* Ei — E2 —11.5 V^2 ~ ^21 “  0.58
*Transversely-isotropic properties E3 — 17.0 Gi2 “  3.6 v^ i3 — V23 — 0.31
from Reilly and Burstein (1975). 
Third axis is longitudinal direction.
Gi3 — G23 — 3.28 \/3i =  V32 = 0.46
6.2.3 Loading configurations
Each model was subjected to two load configurations representing the peak 
loading occurring during walking and stair-climbing. These include the hip 
joint contact forces and the resultant forces from the main muscle groups, 
based on data from HIP98 (Bergmann et a l 2001b). The points of load 
application are indicated in Figure 6.2 and the forces applied are described in 
Table 6.3. In both stair-climbing and walking cases, 20 million cycles of 
loading were simulated.
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Figure 6.2. Schematic showing points of load application representing joint and 
muscle forces for stair-climbing and gait loads. Load magnitudes are indicated in 
Table 6.3.
Table 6.3. Joint and muscle forces applied during stair-climbing and walking loads, 
based on data from HIP98 (Bergmann etal. 2001b) for a patient weighing 750 N.
Force component magnitudes (N) Point ofuescripiiuii wi lurue
X (lateral) Y (posterior) Z (proximal) application*
Stair-climbing
Hip joint contact 444.8 454.5 -1772.3 PO
Glutei, iliotibial tract, 
tensor fasciae latae -622.5 -222.0 579.8 PI
Vastus lateralis 16.5 -168.0 -1013.3 P2
Vastus medialis 66.0 -297.0 -2003.3 P3
Walking
Hip joint contact 405.0 246.0 -1719.0 PO
Glutei, iliotibial tract, 
tensor fasciae latae -485.3 -114.0 605.3 PI
Vastus lateralis 6.8 -138.8 -696.8 P2
Vastus medialis 0.0 0.0 0.0 P3
*See Figure 6.2 for points of load application.
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6.2.4 Outcome measures
The main measures used to investigate any effects on cement mantle integrity 
were the cumulative number of ‘cracks’ occurring at integration points in the 
cement mantle over time, and the spatial distribution of these cracks throughout 
the cement mantle. For comparison of any effects on stress-shielding, the 
equivalent (Ji) stress occurring at one node on the external surface of the 
cortical bone of the medial calcar region was considered, as indicated in 
Figure 6.3.
Figure 6.3. The proximal part of a finite element mesh, showing the surface node in 
the medial calcar region at which equivalent stress is compared for the purposes of 
comparing any likely effects on stress shielding. The location of this node and the local 
mesh geometry were the same across all models.
6.3 Results
The total numbers of cracks occurring at all integration points in the cement 
mantle, normalised by the total number of cracks possible (1640 elements x g 
integration points per element x 3 possible cracks per integration point), were 
computed for each model under a simulated stair-climbing load. Expressing 
cement damage thus, as a proportion of the whole mantle, enables comparison 
both between results and with other papers where cement cracks are expressed 
similarly. These are plotted against time for each of the models with a collar, 
with results generated using a bonded stem-cement interface shown in Figure
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6.4 and those generated with a debonded stem-cement interface shown in 
Figure 6.5 Anterior and posterior halves of each cement mantle, showing the 
distribution of cracks, are shown for the bonded case in Figure 6.6 and for the 
debonded case in Figure 6.7.
6.3.1 Cement mantle thickness
In the case of a bonded stem-cement interface (Figure 6.4), the thick/2.5mm 
and medium/1.0mm cement mantles experience near-identical levels of 
cracking, while the thin/0.5mm mantle has consistently more than twice as 
many cracks and approximately twice the crack growth rate over most of the 
simulation time. During the first 5 million cycles, the thin/0.5mm mantle has 
accumulated the same number of cracks as have formed in the thick/2.5mm 
and medium/1.0mm mantles after 20 million cycles.
With a debonded stem-cement interface (Figure 6.5), the difference in 
crack numbers between models is less apparent. The thick/2.5mm and 
medium/1.0mm mantles show the same level of cracking at 10 million cycles, 
while the thin/0.5mm mantle generates around 40 percent more cracks at this 
time point. Crack growth rates are similar, and it takes 14 million cycles for the 
number o f cracks in the thin/0.5mm mantle (the most damaged) to reach those 
seen at 20 million cycles in the thick/2.5mm mantle (the least damaged).
In the cement mantles with a bonded stem-cement interface (Figure 
6.6), cracks are numerous and widely distributed, predominantly in the distal 
half o f the mantle, and are more concentrated around comers of the implant 
and at its tip. Damage to the thin/1.0mm mantle is noticeably more extensive. 
In cement mantles with a debonded stem-cement interface (Figure 6.7), cracks 
are concentrated at the prosthesis tip but elsewhere appear sparsely scattered, 
mainly in the distal half of the mantle.
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Figure 6.4. Graph showing the ‘normalised number of cement cracks’ (total number of 
cracked integration points normalised by the total number possible) over time for each 
cement mantle, around collared prostheses with a bonded stem-cement interface.
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Figure 6.5. Graph showing the ‘normalised number of cement cracks’ (total number of 
cracked integration points normalised by the total number possible) over time for each 
cement mantle, around collared prostheses with a debonded stem-cement interface.
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Varus/1.0mmThick/2.5mm Thin/0.5mmMedium/1.0mm
Figure 6.6. Posterior (left) and anterior (right) halves of each of the cement mantles 
around the collared prostheses with a bonded stem-cement interface, showing the 
distribution of cracks after 20 million cycles.
Medium/1 .OmmThick/2.5mm
c=i
Varus/1 .Omm Thin/0.5mm
Figure 6.7. Posterior (left) and anterior (right) halves of each of the cement mantles 
around the collared prostheses with a debonded stem-cement interface, showing the 
distribution of cracks after 20 million cycles.
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6.3.2 Stem alignment
In both bonded (Figure 6.4) and debonded (Figure 6.5) cases, there is no 
substantial difference in total crack numbers between the central 
(medium/1.0mm) and poorly-centralised (varus/1.Omm) cement mantles. The 
spatial distribution of cracks appears very similar between both cement 
mantles, with the varus/1.0mm model showing slightly fewer cracks 
proximally and slightly more around the stem tip, in both bonded (Figure 6.6) 
and debonded (Figure 6.7) cases.
In the well-centralised mantle with a debonded stem-cement interface, 
the first through-thickness crack (cracks at adjacent integration points which 
bridge the stem-cement and cement-bone interfaces) occurs after 15.4 million 
cycles. This is located medially, around one-third of the way up the stem from 
the distal end. A further through-thickness crack occurs at 17.1 million cycles 
at the anteromedial comer, just below the collar. In the varus-positioned model, 
the first through-thickness crack occurs after 8.6 million cycles, in the very thin 
region lateral to the prosthesis tip.
6.3.3 Debonding
The numbers of cracks occurring in all bonded cases (Figure 6.4) are 
consistently higher than those in debonded cases (Figure 6.5). At 10 million 
cycles, each bonded model has 4-6 times more cracks than the equivalent 
debonded model, and at 20 million cycles each has 3-4 times more cracks.
In all bonded cases, cracks are distributed around the distal half of the 
cement mantle (Figure 6.6). The cracking is mostly superficial, affecting only 
the surface layer of cement in contact with the prosthesis. Over much of this 
superficial region of damage accumulation, the ‘crack plane’ (normal to the 
first component of the local damage tensor) is nearly parallel to the stem- 
cement interface.
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Figure 6.8. Graph showing the ‘normalised number of cement cracks’ (total number of 
cracked integration points normalised by the total number possible) over time for the 
thick/2.5mm and medium/1 .Omm cement mantles around prostheses with and without 
a collar.
6.3.4 Collar
The normalised numbers of cement cracks in the thick/2.5mm and 
medium/1.Omm mantles, around debonded prostheses both with and without a 
collar, are shown over time under a stair-climbing load in Figure 6.8. The 
collarless prosthesis generates more cracks in both cement mantle thicknesses. 
After 10 million cycles, the thick/2.5mm and medium/1.0mm mantles have 
each accumulated the same number of cracks around a collared prosthesis, 
while around collarless prostheses the medium/1.0mm mantle has twice as 
many cracks as the thick/2.5mm mantle, and four times the crack growth rate.
The distribution of cracks in each of these cement mantles is indicated 
in Figure 6.10. Collared and collarless prostheses generate nearly identical 
crack distributions in the distal half of the mantle. In the proximal half, both 
mantles have extensive cracking around the collarless stem, including a long
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fracture along its posterolateral edge. There is almost no proximal damage 
around the collared stems.
The axial migrations and rotations of collared and collarless stems 
under both walking and stair-climbing loads are shown in Figure 6.9 for a 
medium/1.0mm mantle. These are calculated at the stem mid-point, relative to 
the surrounding cement. Under a simulated walking load, the collarless stem 
migrates much further than the collared stem, as well as rotating further. Under 
a simulated stair-climbing load, both stems rotate more than under gait loading, 
the collarless stem rotating the most. However, the collared stem initially 
subsides further than the collarless one.
6.3.5 Loading
Crack distribution in the debonded thick/2.5mm and medium/1.Omm mantles 
around prostheses with and without a collar are shown after 20 million cycles 
of simulated stair-climbing load in Figure 6.10 and after 20 million cycles of 
simulated gait load in Figure 6.11. Under gait loading, there is almost no 
cracking anywhere except for around the tip of collared prostheses; collarless 
stems generate some additional proximal damage, but this is much less 
pronounced than under the stair-climbing load.
The total number of cracks is plotted over time for the medium/1.0mm 
mantle with collared and collarless, bonded and debonded stems, under both 
stair-climbing and gait loads, in Figure 6.12. The steep increase in cracking 
around the debonded collarless stem was the only instance where the total 
crack number results generated under a stair-climbing load showed a 
substantial qualitative difference from those generated by gait loading. In all 
other cases, crack numbers were typically 2-A times greater under a stair- 
climbing load than under gait loading, but demonstrated similar comparative 
behaviour between cement mantle thicknesses and stem geometries. For 
simplicity, the crack results from gait loading are not explored further in this 
chapter.
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Figure 6.9. Graphs showing the axial migration and rotation of the mid-shaft of 
collared and collarless stems, relative to the surrounding cement, under simulated gait 
and stair-climbing loads. Results are shown for the medium/1.Omm cement mantle.
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Figure 6.10. Posterior (left) and anterior (right) halves of each of the cement mantles 
around debonded prostheses with and without a collar, showing the distribution of 
cracks after 20 million cycles of simulated stair-climbing.
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Figure 6.11. Posterior (left) and anterior (right) halves of each of the cement mantles 
around debonded prostheses with and without a collar, showing the distribution of 
cracks after 20 million cycles of simulated gait.
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Figure 6.12. Graphs showing the total number of cement cracks over time for the 
medium/1.0mm cement mantle around prostheses with and without a collar, under 
simulated stair-climbing (above) and gait (below) loads.
6.3.6 Stress in the medial caicar
At the node indicated in Figure 6.3, equivalent stress over time is shown for 
the bonded and debonded cases in Figure 6.13. In both cases, ranking the
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models in order of highest to lowest equivalent stress yields the following 
result: thick/2.5mm, medium/1.0mm, thin/0.5mm, collarless medium/1.0mm, 
collarless thick/2.5mm. However, after 3 million cycles, stress in the debonded 
thick/2.5mm mantle begins to drop away, until by 10 million cycles it imparts 
the second-lowest stress to the cortical bone. This shift coincides with a 
reduction in contact area between the collar and the cortical bone, apparently as 
a result o f a slight, gradual increase in bending of the femur, as implant 
migration and cement creep affect its bending stiffness.
6.3.7 Number of cracks in relation to initiai stress
The number of cracks occurring in each cement mantle after 10"^ , 10 ,^ 10^  and 
10^  cycles is plotted in Figure 6.14 against the maximum principal stress 
recorded anywhere in the cement mantle during the first increment of the 
simulation. Multiple linear regression was used to derive the following 
equation relating the number of cracks A^cracks to the peak maximum principal 
cement stress during the first increment Cpr-max and the number of simulated 
load cycles N .
bracks = 0.4179 -  20.957 (6.1)
Based on the number of cracks recorded for each model at these four time 
points, a regression coefficient ^  = 0.856 was calculated. Although this 
indicates that initial stress provides a reasonable predictor of damage 
accumulation level under a stair-climbing load, it is clear in Figure 6.14 that 
the number of simulated load cycles taken to reach any number of cement 
cracks upwards of 100 cracks may differ from the prediction by up to an order 
or magnitude. Furthermore, goodness of fit is worse (R^ = 0.771 ) for the data 
at 10^  cycles only, indicating that simulated cracking levels diverge further 
from predicted levels as the simulation progresses.
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Figure 6.13. Graphs showing the equivalent (J2) stress at a node in the medial calcar, 
around bonded (above) and debonded (below) prostheses, under a simulated gait 
load.
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Figure 6.14. Graph showing the total number of cement cracks after 10'*, 10®, 10® and 
10^  cycles of simulated stair-climbing load plotted against the peak maximum principal 
stress recorded anywhere in the cement mantle during the first increment, for all six 
models in both bonded and debonded cases. Lines-of-best-fit with linear regression 
equations are displayed for each time point.
6.4 Discussion
6.4.1 The stem-cement interface
Bonded cement mantles experienced substantially more damage accumulation 
than debonded ones, suggesting that a bonded stem-cement interface is 
detrimental to the integrity of the cement mantle. The distribution of cracks in 
bonded cement mantles -  predominantly in the superficial layer of elements 
closest to the stem, in the distal half of the mantle -  appears to represent the 
debonding process itself, suggesting that debonding is evident, even when the 
stem-cement interface is explicitly modelled as bonded. This indicates that the 
debonding process (or, at least, partial debonding) is inevitable. We did not 
attempt to simulate the debonding process itself using a fatigue failure criterion 
for stem-cement interfacial gap-elements, although this might be expected to
Chapter 6 -  Parametric damage simulation 154
result in behaviour part-way between our fully-bonded and fully-debonded 
approaches. Our finding concurs with the idea that where the stem-cement 
interface is most resistant to shear failure (in the case of rough stems), the stem 
transfers more shear load to the surrounding cement and thereby results in local 
damage. In reality, this might be through fatigue damage accumulation and/or 
abrasive wear.
Previous studies do not agree on whether debonding increases or 
decreases cement stress or damage (Chang et a l 1998; Harrigan and Harris 
1991; Massin et a l 2003; Verdonschot and Huiskes 1997b; Wheeler et a l 
1997), so we were reluctant to accept that debonding could be so beneficial to 
the integrity of the cement mantle. The parameters used in the frictional contact 
formulation (such as the type of friction model, friction coefficient, and surface 
modelling and detection parameters) were varied to ensure that they did not 
have a confounding effect on the model behaviour. In fact, few parameters had 
a significant effect on the results except for the coefficient of friction (varied 
from 0.2 to 0.5): in debonded cases, a lower coefficient of fiiction resulted in 
less cement cracking, suggesting that for an optimal surface finish, the 
smoother the better.
Clinical data suggest that, all other factors being equal, a smooth- 
finished femoral component performs better than a rough one (Collis and 
Mohler 2002; Collis and Mohler 1998; Datir and Wynn-Jones 2005; Datir et a l 
2006; Della Valle et a l 2005; Hinrichs et a l 2003). We suggest that the higher 
level of damage around stems that remain bonded may account for this 
difference.
From the engineer’s perspective, it is essential that future finite element 
models o f femoral cement mantles take account of the debonding process, as 
their behaviour around bonded and debonded stem-cement interfaces differs 
substantially. Recent progressive debonding models based on interfacial 
fatigue damage have begun to address this issue (Damron et a l 2006).
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6.4.2 Cement mantle thickness
Variation in the cement mantle thickness, within a clinically-realistic range 
based on the femoral broach sizes supplied with the Stanmore Hip, did not 
contribute significantly to crack formation in the femoral cement mantles 
around debonded Stanmore Hip prostheses. This suggests that the overall 
cement mantle thickness, often cited as a critical factor affecting implant 
survival, may in fact be less important than previously thought, around smooth, 
collared prostheses. This reinforces the findings reported in Chapter 3. Hence, 
we conclude that global cement thickness, as determined by femoral broach 
size, does not play an important role in the fatigue life of cement mantles 
around smooth, collared femoral prostheses such as the Stanmore Hip.
In the case of bonded stems, a thin mantle around an oversized 
prosthesis was found to be most damaging, although for a smooth stem, this 
may simply reflect the more rapid process of debonding at the stem-cement 
interface in this case, in which case the debonded model might be more 
pertinent. In the case of a rough stem designed not to debond, our results 
indicate that a very thin cement mantle would be expected to fail much sooner.
Whilst thick cement is widely thought to be optimal for implant 
survival, the large femoral components inserted with line-to-line reaming 
which are favoured in France enjoy excellent clinical results despite their very 
thin or discontinuous cement mantles -  the so-called ‘French paradox’ 
(Langlais et al. 2003; Skinner et al. 2003). Our results for debonded stems 
suggest that the large prosthesis with a thin mantle performs similarly to a 
smaller prosthesis with a thick mantle, in terms of proportional damage, in 
agreement with an earlier, torsionally-loaded, two-dimensional study (Janssen 
et al. 2007). In our simulation, the relatively small differences in normalised 
crack numbers between different cement mantle thicknesses are comparable to 
those observed between several clinically excellent femoral components under 
a less severe loading regime (Stolk et al. 2007).
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In reality, other factors not considered in this study are likely to 
influence the effect of cement mantle thickness on cement cracking. 
Microcracks due to the thermal shrinkage of curing interdigitated cement 
around the bone trabeculae (Race et al. 2003) may have a more detrimental 
effect on thin cement. Greater and more rapid thermal shrinkage of curing thick 
cement may adversely affect the mechanical integrity of local thin regions. 
Conversely, inserting large, press-fit implants may have a toughening effect on 
thin cement regions due to pressurising and extrusion of the cement and may 
also reduce cement stress due to more direct load transmission to bone 
(Langlais et al. 2003). These factors are not yet well understood and would 
need to be better characterised before they could be incorporated into finite 
element studies.
6.4.3 Centralisation
Although there was no difference in total crack numbers between well- 
centralised and varus stems, the damage in the varus case was weighted 
towards the tip and very thin lateral region of the cement mantle, with a 
corresponding reduction in proximal damage. It took nearly half the number of 
load cycles for a full-thickness crack to form near the tip of the varus stem, 
compared with the well-centralised stem. This confirms that a locally thin 
mantle region due to stem misalignment may be damaging, but suggests that it 
should not affect implant stability via fatigue failure of the cement mantle; 
rather, an osteolytic pathway is implied, where full-thickness cracks can extend 
the effective joint space, exuding synovial fluid and articular wear particles, 
and hence causing localised lytic lesions in the surrounding bone (Schmalzried 
et al. 1992a).
6.4.4 Collariess prostheses
Prostheses without a collar generated significantly more cement cracking, 
located in the proximal part of the cement mantle. This is representative of the 
differing method of load transmission through collared and collarless stems:
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since collarless stems are freer to subside within the cement mantle, the 
proximal cement is prized open by the rotation and axial subsidence of the 
stem. In fact, our migration results suggest that rotation of the stem limits 
subsidence, and vice versa. Either migration mode (rotation or subsidence) 
would tighten the taper-lock holding the stem within the cement, stabilising the 
stem and thus limiting the other migration mode. Stair-climbing leads to 
predominantly rotary migration, compared with gait, which leads to 
predominantly distal migration. This is attributable to the higher posterior 
component of the hip joint contact force during stair-climbing, contributing 
axial torque to the stem shaft. This explains the high level of proximal damage 
around the comers of collarless stems under stair-climbing loads. Collarless 
stems are designed to impart hoop stress to the cortical bone, but this would 
clearly affect the cement, too. In the case of collarless stems, our results 
demonstrate that, contrary to our findings for collared prostheses, cement 
mantle thickness is critical to cement damage, and a thick mantle is therefore 
advisable, particularly in the proximal part of the femur.
The geometry of each cement mantle was idealised to provide a 
uniform thickness over much of the mantle, for comparative purposes. The 
proximal lateral part of the mantle, above the implant shoulder should in fact 
flare out from the implant, to enable insertion of the prosthesis through the 
reamed medullary canal. In prostheses with a collar, this region of the mantle 
experiences very low levels of stress and its precise geometry is unlikely to 
have any significant bearing on the results. However, for collarless stems, 
many of the cracks are located in this region. Furthermore, clinically successful 
collarless designs such as the Exeter Hip are broader in the mediolateral 
dimension at the implant shoulder, which contributes to its torsional and axial 
stability within the cement. Therefore, it would be inappropriate to conclude on 
the basis o f our results that collarless stems experience more damage, as we 
used a modified Stanmore Hip, rather than a purpose-designed, clinically 
successful collarless stem. Nonetheless, the increased proximal damage and its
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sensitivity to cement mantle thickness are important distinguishing character­
istics of collarless from collared stems, and highlight the different approaches 
required for their design and usage.
6.4.5 Stress shielding
Our results indicate that, in the case of a collared stem, a thicker mantle imparts 
the most stress to the cortical bone in the medial calcar region. The reduction in 
stress seen over time in the thickest mantle in the debonded case seems to have 
arisen as a result of changing load orientation due to progressive bending of the 
femur through cement creep. This is a consequence of the sustained cyclic 
loading scenario presented in this study: in reality, no prosthesis would be 
continuously dynamically loaded, as the patient would undergo long ‘resting’ 
periods of relative inactivity, meaning that the femur would not deform through 
creep, relative to the applied joint contact load. However, our results indicate 
that any of the cement mantle thicknesses investigated around collared 
prostheses would lead to adequate loading o f the calcar region, sustaining 
equivalent stresses of at least that estimated in Chapter 3 (3.4 MPa) to prevent 
loss of bone stock due to stress shielding.
6.4.6 Initial cement stress as a predictor of cracking
We attempted a post-hoc ‘prediction’ of total crack numbers based on the peak 
maximum principal cement stress during the first increment of the simulation, 
but this proved to be progressively less accurate as the simulation time 
progressed. This indicates that the simulation of non-linear damage 
accumulation over a large number of cycles is justified, as this process cannot 
be reliably estimated via a simple stress analysis such as that reported in 
Chapter 3.
6.4.7 Limitations
In some respects, this study was simplistic, neglecting to take into account 
cancellous bone anisotropy or bone density, and assuming ‘average’ patient 
mass and gait characteristics. However, some idealisation is necessary for any
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study, and our finite element models are at least comparable with those used in 
similar studies reported in the literature, and should be adequate to deliver the 
objectives. The results from Chapter 3 suggest that bone density should have a 
significant effect on stress and damage in the cement mantle, but would be 
unlikely to alter the qualitative results of our comparative study.
Jeffers et al. (2007b) simulated ultimate fatigue failure (fracture) of the 
cement mantle, leading to stem instability, as an endpoint in comparative tests 
of two collarless prostheses. While this is a useful comparative test, it was not 
feasible in the current study, for two reasons. First, the Stanmore Hip, around 
which these analyses are based, is more stable than the Exeter Hip due to its 
collar, and should experience lower and more stable crack growth; second, the 
algorithms we used, developed by Stolk et a l,  tend to under-estimate damage 
while those developed by Jeffers et al. tend to over-estimate it, leading to 
cement fracture within fewer load cycles (Jeffers 2007). The decision was 
made to restrict the analyses to 20 million load cycles in order to conserve file 
space, and none of the cement mantles in our study failed within this time 
frame. I f  cement fracture occurs when around 10 percent of the cement mantle 
has failed (Jeffers et al. 2007b), it would have taken many more cycles of our 
simulation to reach this level, as we only observed around 0.5 to 1.0 percent 
cement failure around debonded, collared stems after 20 million cycles.
Finally, the actual number of cycles simulated in such a comparative 
study is, to some extent, immaterial since it does not translate directly into a 
particular proportion of an implant’s lifetime in years. The frequency of 
loading cycles detrimental to the cement mantle w ill vary from patient to 
patient, depending on age, weight, and respective levels of each different type 
of activity. Furthermore, periods during which the prosthetic joint remains 
unloaded would allow cement creep strains to relax, reducing the beneficial 
stress-relaxation effect which a sustained cyclic loading regime would allow. 
Thus, infrequent bursts of activity in the patient are likely to be more damaging 
than the sustained cyclic loading applied in this study.
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6.5 Conclusions
A bonded stem-cement interface is detrimental to the mechanical integrity of 
the cement mantle, leading to increased cement damage. Even ‘perfectly 
bonded’ rough stems w ill still partially debond through cracking of the bulk 
cement, which would be more detrimental to implant fixation than the 
debonding o f a smooth stem. This greater level of damage around bonded 
stems would account for their comparably poor clinical outcomes.
The mechanical integrity of the cement mantle around smooth, collared 
prostheses does not depend significantly on overall cement mantle thickness or 
stem alignment, although poor alignment can lead to increased local cement 
damage in thin mantle regions, which may lead to local osteolysis. This 
confirms the importance of correct centralisation, but does not agree with the 
received wisdom that a thick mantle is necessarily better. The ‘French paradox’ 
of clinically successful stems with thin cement mantles does not appear to be 
so paradoxical after all.
However, both rough stems designed not to debond and collarless stems 
designed to subside within the cement mantle do require a thick cement mantle 
to reduce the risk o f excessive cement damage.
A smooth, collared prosthesis such as the Stanmore Hip loads the calcar 
region adequately, sustaining sufficient stresses in the cortical bone as to 
prevent loss of bone stock due to stress shielding.
Simulation o f bone cement creep and non-linear damage accumulation 
over a large number of cycles is justified, as this process cannot be reliably 
estimated via a simple stress analysis.
Chapter 7 
General discussion
Does cement mantle thickness really matter? To address the question posed in 
the title o f this thesis, the cement mantle thickness around femoral components 
has been considered both in terms of its global or average thickness, as 
determined by the broach size and resulting reamed canal geometry relative to 
the stem, and the local cement thickness, determined by stem alignment as 
influenced by surgical technique.
M y first study (Chapter 2) investigated the effect of surgical approach 
on the quality of cement mantles around Stanmore Hips, and found that a 
posterior approach provided a more even cement mantle vvith fewer 
deficiencies when compared with an anterolateral approach. This could account 
for the Swedish Hip Arthroplasty Register’s hitherto unexplained finding that a 
posterior approach poses a significantly lower revision risk than an 
anterolateral approach (Malchau and Herberts 1998). Thus, we may infer that 
poor control of cement mantle thickness and/or continuity is a factor both (a) 
significantly influenced by surgical technique and (b) significantly influencing 
implant survival. In this sense, cement mantle thickness certainly does seem to 
matter. Surgeons should be aware of this, using effective centralisation where 
appropriate, particularly when approaching the hip via an anterolateral incision.
Finite element stress analysis was performed, as reported in Chapter 3, 
for cement mantles around Stanmore Hips generated using two different broach 
sizes, to determine the effect of the resulting cement thickness on stress in the 
cement and cortical bone. Lower cancellous bone density proved detrimental to 
the cement mantle, generating higher peak cement stresses. Whilst bone
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density had a strong effect on cement and bone stresses, it did not qualitatively 
alter the influence of cement mantle thickness on these parameters. The results 
suggest that thick cement is preferable for increasing bone stress (to minimise 
bone loss through stress shielding) and minimising cement stress (to increase 
fatigue life), but the differences observed were sufficiently slight that the time- 
dependent processes of creep and damage of the cement and subsidence of the 
stem could be expected to substantially influence the result. Hence, it was 
decided that further investigation of this topic was warranted, using a more 
sophisticated model which would incorporate these factors. Results from the 
parametric damage simulation study (Chapter 6), where this more complex 
model is used, confirm that while stress analysis alone can provide an 
indication of likely damage accumulation, this prediction becomes 
progressively less accurate for greater numbers of load cycles.
Fatigue testing of cement mantles around Stanmore Hip femoral 
components in synthetic femurs was reported in Chapter 4. The results concur 
with the torsional test finding that absolute crack length is independent of 
cement thickness and therefore that thin mantles would fail sooner (Hertzler et 
al. 2002). Varus stem alignment (resulting in cement deficiency lateral to the 
tip) does not affect overall crack lengths but does increase the numbers and 
lengths of cracks in the distal part of mantle. This supports the assumption that 
failure of poorly-centralised stems progresses through an osteolytic rather than 
a fracture pathway: thin mantle regions may experience large cracks sooner, 
which extend the effective joint space, allowing synovium and wear debris to 
reach the bone and provoke an inflammatory response which weakens the 
cement-bone construct; but in the absence of a biological response, these 
cracks are unlikely to result in earlier mechanical failure. Significantly longer 
and proportionately more cracks were found in sub-millimetre thin mantle 
regions, as clinical findings would suggest (Jasty et al. 1991; Jasty et al. 1992; 
Kawate et al. 1998; Roster et al. 1999). This emphasises the importance of the 
surgeon’s control over local cement thickness by ensuring adequate
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centralisation, in contrast to reamed canal size which does not seem to 
influence cement cracking. Surgical technique and the use of effective 
centralisers where appropriate are therefore of far greater clinical significance 
than design alterations to the surgical tooling. The loading and constraints 
applied in my study represented a highly simplified stair-climbing load, over­
constrained in order to ensure measurable cracking within a reasonable time 
frame and to prevent fracture of the synthetic femurs. Nonetheless, the test is 
an improvement on the idealised, simple torsional loading previously employed 
for investigating the effects of cement mantle thickness, and is justifiable for 
comparative purposes to distinguish between different cement mantle 
geometries. That such loading was required to achieve measurable cracking 
levels demonstrates efficacy and good design of the Stanmore Hip.
The following study (Chapter 5) sought to simulate computationally the 
fatigue experiments reported in the previous chapter, using creep and damage 
accumulation algorithms (Stolk et al. 2004), so that a more realistic loading 
scenario could be later applied to a numerical model. Creep and subsidence 
behaviour for Palacos-R bone cement and satin-finished stems were 
realistically simulated, confirming that this model would also be applicable to a 
Stanmore Hip. Finite element simulation of the experimental fatigue test 
reported in Chapter 4 generated similar cracking rates in cement mantles of 
different thicknesses, in agreement with the experimental data. Larger and 
through-thickness cracks, occurring mainly at comers of the prosthesis, were 
located similarly to those seen in fatigue test specimens.
The final study (Chapter 6) was a finite element investigation of cement 
mantles o f differing thickness and stem alignment, around prostheses with and 
without collars, using the same creep and damage algorithm to describe bone 
cement behaviour. Physiologically-informed gait and stair-climbing loads were 
simulated, providing data of greater clinical relevance than the preceding study. 
Bonded stem-cement interfaces caused substantially greater superficial damage 
to the cement mantle, suggesting that the debonding process is inevitable and
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that prostheses roughened to promote stem-cement bonding would be most 
damaging to the cement; this would account for their poor clinical outcomes 
(Collis and Mohler 2002; Collis and Mohler 1998; Datir and Wynn-Jones 
2005; Datir et al. 2006; Della Valle et al. 2005; Hinrichs et al. 2003). Cement 
damage around smooth, collared prostheses did not depend on overall cement 
mantle thickness or stem alignment, although poor alignment does lead to 
increased local cement damage in thin mantle regions, facilitating local 
osteolysis. This confirms the importance of correct centralisation, but does not 
agree with the received wisdom that a thick mantle is necessarily better. The 
‘French paradox’ of clinically successful stems with thin cement mantles does 
not appear to be so paradoxical, after all. This study reinforces the previous 
findings (Chapters 3-5) that cement damage is not affected by mantle 
thickness, but limits this finding to smooth, collared prostheses; it was shown 
that rough, collared stems (designed not to debond) and smooth, collarless 
stems (designed to subside within the cement mantle) both require a thick 
cement mantle to reduce the risk of excessive cement damage, in agreement 
with the findings of others (Estok et al. 1997; Fisher et al. 1997; Lee et al. 
1993; Schmolz et al. 2000; Ayers and Mann 2003).
One of the limitations of this and many other finite element studies 
involving bone cement is a simplistic disregard for the variability and 
complexity in its material behaviour. The distributions of porosity and residual 
stresses within the cement could be expected to influence its cracking 
behaviour; neglect of these properties may account for the diffuse and more 
rapid damage observed in the fatigue test, in comparison with simulations. 
More sophisticated algorithms and simulation methods including 
stochastic/probabilistic approaches to porosity distribution and other geometric 
parameters are currently under investigation (Jeffers et al. 2007a); these could 
be incorporated into future models as computational power allows.
The algorithms used here assume that bone cement is homogeneous. 
Thin cement regions may potentially be weaker due to the more rapid curing
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and contraction of the surrounding thick cement regions; conversely, thin 
mantles may be toughened by a pressurisation/extrusion process during stem 
insertion. It is likely that future FE-based models for bone cement behaviour 
w ill incorporate insertion (fluid dynamics) and/or curing (thermal) simulations 
prior to the loading simulation, in order to ascertain the distribution of material 
properties and residual stresses in the cement. More work would be needed to 
understand these processes.
Cement thickness was not varied as a continuous parameter, and only 
one form of stem misalignment was investigated (varus stem orientation is 
thought to be most detrimental (Kobayashi and Terayama 1992)). However, the 
similarity in both observed and simulated cracking rates between these cases 
implies that more in-depth study of the effects of cement thickness on survival 
of Stanmore Hip stems is unlikely to discriminate further.
Two of the most prevalent and detrimental load cycles were applied to 
the hip during damage accumulation simulations: stair-climbing (including a 
larger axial torque component which leads to relatively more axial rotation of 
the prosthesis) and gait (which leads to relatively more axial stem subsidence). 
The damage simulation did not take into account any interaction between the 
two types of load and migration. To address this issue, Stolk et a l (2007) 
arbitrarily used a 1:9 ratio of stair-climbing to gait cycles. However, since gait 
and stair climbing did not produce qualitatively different comparative results, 
use of such a method would be unlikely to shed any further light on the issue of 
cement mantle thickness.
To conclude, the key findings of this project can be summarised as 
follows:
(1) The posterolateral approach to the hip results in more neutral stem 
alignment, more uniform cement mantle thickness and fewer cement mantle 
deficiencies when compared with the anterolateral approach.
(2) Poor stem alignment increases fatigue crack concentrations near the 
stem tip, increasing the risk of osteolysis and aseptic loosening.
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(3) Thin cement regions of less than 1 mm experience higher crack
concentrations and longer cracks, and effective centralisation should be used to 
minimise this risk.
(4) Debonding is inevitable, and rough stems designed not to debond are 
most damaging to the cement.
(5) Thick cement mantles are required around rough or collarless stems, to 
minimise the risk of cement damage and stem loosening.
(6) Cement thickness, determined by femoral broach size, does not
significantly influence the levels of cement stress or cracking around smooth, 
collared stems such as the Stanmore Hip. For this type of prosthesis, cement 
mantle thickness is less important than previously thought.
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7.1 Further work
One of the main areas that would benefit future finite element studies of this 
nature is the enhancement of simulations to incorporate more complex material 
and interfacial behaviour which are grossly idealised in current models. Factors 
to be included in future models should include {d) stochastic/probabilistic 
approaches to cement porosity distribution, implant positioning, and bone 
geometric and material properties; (6) thermal and fluid modelling of the 
curing process to ensure realistic levels of porosity and shrinkage stresses prior 
to the simulation of fatigue loading; (c) interfacial debonding behaviour to 
enable stem-cement debonding and cement cracking to be simulated together; 
{d) finite element-based interfacial wear models, similar to those currently in 
use for the joint bearing surfaces, to model the processes of debonding, 
subsidence and micromotion in terms of abrasive wear.
Material behaviour of interdigitated cement-bone composites is poorly 
understood. Investigation of the relationship between cancellous bone density 
and the mechanical properties of the resulting cement-bone composite would 
allow more realistic representation of the mechanical properties of the cement 
mantle in finite element simulations. This would also have applications in 
patient-specific finite element models where likely cement mantle properties 
can be assumed based on current CT-derived bone density values.
The material properties of bone cement are likely to be influenced by 
the thickness of the mantle, since thicker regions would cure and contract 
sooner, potentially exposing thinner regions to tensile forces and expelled 
monomer vapour, and thus reducing their density and mechanical integrity. 
This topic warrants further investigation.
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